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The Adsorption of CO, N, and Li on Ru(109) and Ru(001)
Gregg Alvin Morgan, Jr., PhD

University of Pittsburgh, 2007

The chemistry of carbon monoxide and dinitrogen on an atomically stepped Ru(109) and an
atomically smooth Ru(001) single crystal surface have been thoroughly investigated using ultra
high vacuum and surface science techniques. The investigations focused on the effect of the
metal surface morphology on the simplest of the surface reactions; adsorption, desorption, and
dissociation.

Building on the previous conclusion that CO dissociates on the step sites of Ru(109)
producing mobile atomic C and O species, chemisorbed CO was bombarded with atomic
hydrogen in an attempt to produce and spectroscopically observe a formyl, HCO, species by
IRAS and TPD. The interaction of the two species did not produce any evidence of an HCO
species, but resulted in the observation of surface crowding of the CO(a) by H(a) species.

The step sites of Ru(109) have been found to exhibit special N, adsorption characteristics
compared to the terraces of the Ru(109) surface. Nitrogen desorbs from Ru(109) in three distinct
desorption processes. A high temperature desorption feature has been assigned to the molecular
desorption from the atomic step sites. The electron stimulated dissociation of chemisorbed
nitrogen results in a high temperature recombinative desorption feature between 400 and 800 K.

A direct comparison of the vibrational behavior of nitrogen on Ru(109) and Ru(001)
confirms the postulate that the step sites of single crystals exhibit special characteristics. Two
vibrational bands, attributed to molecular nitrogen adsorbed on the terrace and step sites,
respectively, are observed after thermal ordering of the adlayer. Nitrogen adsorbed on the
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terraces of the Ru(109) surface is adsorbed more strongly than on the atomically smooth Ru(001)
as indicated by the lower singleton frequency on the Ru(109) surface and the lower maximum
desorption temperature on the Ru(001) surface.

The interaction of adsorbed species with Li promoter atoms was investigated to
determine the effect promoter atoms would have on catalytic reactions. The coadsorption of Li
with CO and N, on the two Ru surfaces results in both short and long range interactions. These
interactions result in a weakened molecular bond characterized by a red-shifted vibrational

frequency in addition to complex formation on the surface.
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1.0 THE IMPORTANCE OF ATOMIC STEP SITES IN CATALYSIS

This chapter describes how step defect sites are traditionally prepared on the surface of a single
crystal and why there has been tremendous interest in studying the surface chemistry of step sites
and their role in heterogeneous catalysis. A detailed understanding of the adsorption of CO on
the step sites of Ru(109) is critical for understanding the various mechanisms of the Fischer
Tropsch Synthesis (the reaction between CO and H, to produce hydrocarbons) and a brief
account of our work on CO is presented. The detailed insight into the bonding of CO on the Ru
surface is essential and ultimately serves as a precursor to our investigation into the adsorption of
N, on the Ru(109) and Ru(001) single crystal surfaces because of the similarity between the two
molecules. The adsorption and dissociation of nitrogen is important for understanding the
mechanism of the Haber-Bosch catalytic process (the reaction of N, and H; to form NH;). In
addition to a brief discussion on the Haber Bosch process, the importance of alkali metals as

promoter ions on transition metal surfaces for various catalytic reactions is presented.

1.1 THE USE OF METALS AS MODEL CATALYSTS

The understanding of heterogeneous catalysis, which is the foundation of the chemical industry,
is one the great motivations for studying chemical reactions on surfaces. A catalyst is an active

chemical spectator, as it takes part in the chemical reaction, but is not consumed. A catalyst
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provides an alternative route of reaction where the activation energy is lower than the activation
of the original chemical reaction in the absence of the catalyst. The role of the catalyst is not
simply to accelerate chemical reactions, but to selectively accelerate certain reactions and not
other reactions.

In the late nineteenth century, catalysis was just beginning to be used industrially on a
large scale. Even at that time, the typical catalyst was metallic in nature. In the early 1920s,
Taylor postulated that the surfaces of various catalysts are not uniformly active. This led to the
idea that the properties of the surface atoms were directly related to the coordination number of
the atoms [1]. It is expected that the lower the metal-metal coordination number, the larger the
difference in the surface properties between the edge/corner atoms compared to the bulk atoms.
All surfaces, regardless of how atomically smooth the surface is, are composed of various atoms
with fewer neighbors compared to the bulk. This is illustrated by the representation of a catalyst
granule in which a completely ordered arrangement of the atoms in the metal has not been
attained and is shown in Figure 1. Because the catalytic activity is determined by the
coordination of the metal atoms, the most catalytically active sites are therefore the atoms with

the most unsaturated chemical bonds according to Taylor.
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Figure 1: Atomic coordination heterogeneity on the surface of a Ni catalyst. From Ref [1].

The defect sites are sites where significant chemistry occurs and are present in a
considerably lower concentration than the rest of the surface atoms. This led to Taylor’s
postulate that the defect sites are the active sites of the catalyst. A step defect is a microscopic
surface irregularity on a single crystal surface where the top atomic layer ends abruptly along a
compact row of particles comprising the crystal, leaving the second layer uncovered. These
defect sites, which include crystalline edges, atomic steps, kinks, vacancies, dislocations, and
islands, have a lower coordination than the atoms composing the atomically smooth portion of
the surface. The presence of the defect sites on a surface has a dramatic effect on the
thermodynamics and kinetics of a variety of surface chemical processes compared to atoms and
sites that are found on the “perfect” or atomically smooth surface.

A few examples in which the catalytic properties of a metal are significantly influenced
by the presence of atomic defect sites are presented below. Recent experiments have suggested
that the various defect sites on CeO, promoter species are the active sites for the hydrogenation
of unsaturated aldehydes on Ru-based catalysts due to their influence on the C=O bond
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activation [2]. We have recently reported the activation of a molecular oxygen species on the
step defect sites on a Ru surface to produce CO, in the presence of CO [3]. The higher
adsorption energy of molecules adsorbed at the edges and corner sites of a metal crystallite

compared to the flat facets is also verified theoretically [4].

1.1.1 Supported Metal Catalysts

Many catalytic reactions are structure sensitive, and therefore the overall rate of the reaction
depends on the detailed geometrical structure of the surface atoms of the catalyst [5]. The rate
per surface atom depends on the average size of the catalyst particles. The relative number of
available step and kink sites increases dramatically with decreasing diameter for particles with a
diameter, d, < 100 A. The lower coordinated surface atoms have a substantially different ability
to interact with the molecules from the gas phase. The variation in the ability of the surface
atoms to participate in surface chemistry is related to the structure of the surface. This
dependence on the surface structure is often regarded as being mainly due to an electronic effect.
The earliest investigations of catalytic particles utilized small metal particles which were
deposited on well-defined supports, typically oxide single crystals [6]. These high area
supported catalysts were structurally similar to real supported metal catalysts, but the systematic
investigation of the defect sites was complicated by an inhomogeneity of particle sizes and

shapes [7].



1.1.2 Single Crystal Metal Surfaces

In the 1950s, Germer and Farnsworth separately studied low energy electron diffraction patterns
from single crystal surfaces and adsorbate layers [8-13], building on the early diffraction studies
of Farnsworth in the 1930s [14-18]. The development of ultra-high vacuum technology and
electron spectroscopic and diffraction methods enabled the first characterization of single crystal
surfaces and the adsorbate layer. The earliest diffraction patterns were obtained from a silicon
crystal, a germanium crystal, a tungsten crystal, a nickel crystal, and an adsorbate layer on the
surface of the single crystal. For reasons of structural simplicity, many of the early studies
utilized close packed surfaces as well as low index metal surfaces.

It is incredibly difficult to investigate the chemistry of adsorbates on natural defect sites
because of the low concentration of the available sites. If 0.1% of the surface is comprised of
defect sites and saturated with an adsorbate, the absolute coverage of the adspecies to be detected
is 10'* cm™, which is below the detection limit of most surface science spectroscopic techniques.
A higher coverage of surface defects can be “created” by means of two methods.

Initially point and step defect sites were artificially “created” by the ion bombardment of
low Miller index surfaces. Miller indices are a symbolic vector representation for the orientation
of an atomic plane in a crystal lattice and are defined as the reciprocals of the fractional
intercepts which the plane makes with the crystallographic axes. Directions are defined by a set
of three or four rational numbers. Low index planes can be thought of the basic building blocks
of the surface structure as they represent some of the simplest and flattest fundamental planes.
The resulting surfaces after the bombardment were used for a comparative study between perfect

and defective surfaces [19,20]. The energetic Ar' ions cause sputtering of some of the surface



atoms, leaving defect sites on the surface. There is very little control over the resulting surface,
which contains multiple types of defects with an inhomogeneous distribution.

The second and preferred method of creating atomic defect sites involves cutting single
crystals in a high-index direction. When single crystals are cut in this manner, surfaces with a
periodic array of defect sites are created, resulting in predictable and reproducible surfaces.
When the crystal is miscut at a small angle with respect to the low Miller index plane, a surface
with low Miller index planes periodically interrupted by atomic steps, and possibly kinks, is
created. The surface structure created by this method is well defined and measurable by a
multitude of surface science techniques.

Metal particles with a d < 100 A can usually be modeled by truncated octahedrons made
of atoms occupying crystal lattice points and display facets with geometries corresponding to the
lowest free energy surface, such as (111) and (100) in the case of an fcc crystal. In idealized
models of catalyst particles as semi-regular and truncated polyhedra, the edge and corner sites,
which correspond to the lowest coordinated atoms, have structures that are very similar to the

atomic steps and kinks found on a defective surface (Figure 2).
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Figure 2: (a) Stepped surface (Pt(533)) with step atoms that mimic edge atoms in the truncated octahedron.
(b) Step-kinked surface (Pt(432)) with kink atoms that mimic corner atoms in the truncated octahedron.
From Ref. [21]. Reprinted with permission from Elsevier, Copyright 1985.

Due to the structural similarity between the edge and corner atoms and the defect sites,
Somorjai proposed that the various atomic step sites of a stepped single crystal surface can
accurately model the edge and corner sites of the metal catalyst particles [22]. The atomically
smooth surface atoms of the single crystal simulate the particle facets of the catalyst. These

principles are illustrated in Figure 3.
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Figure 3: Surface science approach to approximating the surface sites of the dispersed metal particles with
atomically-stepped and smooth single crystal surfaces.

The biggest advantage of stepped single crystals is that they contain a large number of
structurally similar defect sites when the single crystal is cut in a vicinal direction. Stepped
single crystals can be characterized by a multitude of surface science techniques which include
electron spectroscopies and diffraction methods, vibrational spectroscopies, as well as imaging at
atomic levels of resolution. The structure of the single crystal as well as the properties of the
adsorbed species can be determined by these methods under UHV conditions and there are

certain methods that can even be used at elevated pressures. Stepped single crystal surfaces have



been a convenient common ground between experimental investigations and theoretical

modeling.

1.2 CHARACTERISTICS OF ATOMIC STEP SITES

Since the discovery of atomic step sites, it has typically been common practice to compare
atomically smooth surfaces to their vicinal counterparts containing periodic steps [23]. The
multitude of studies on stepped single crystal surfaces has led to the deduction of four basic
trends in the properties of the step sites:

(1) The three available types of sites are populated sequentially, first the kinks, then the
steps, and finally the terrace sites. Molecules and atoms are typically more strongly adsorbed at
the step sites and kink sites compared to the terrace sites [24-26], which explains the preferential
adsorption at the step sites [26-31]. The preferential adsorption of the step sites to CO and N is
discussed in detail in Section 1.5 and Chapter 4, respectively.

(2) Molecules and atoms adsorb at the atomic steps with a higher initial sticking
coefficient than on the terraces [24,25].

(3) In addition to the increased binding energy at the step sites, the vibrational frequency
of an adsorbed molecule, which is dependent on the coordination number of the surface atom, is
typically different for adsorbates at the step sites compared to the terrace sites. Previous reports
have indicated that the vibrational frequency of molecules at the step sites is typically 10-20 cm™
less than those adsorbed at the terrace sites [26,30,32,33]. This has previously been observed for
CO adsorption on the step and terrace sites of a Pt single crystal [26,30]. We have reported a

difference of ~10 cm™ in the vibrational frequency of N, adsorbed on the terraces compared to



N, adsorbed on the step sites of Ru(109) [33]. This observed effect of N, on Ru(109) is
presented in detail in Chapter 6 of this thesis.

(4) Dissociative chemistry is often facilitated at the step sites because the activation
barrier of intermolecular bond breaking is typically lower at the step sites [31,34-40]. We have
observed the dissociation of CO and N, exclusively on the steps of Ru(109) [41-44]. There are
also cases in which the overall kinetics of a surface reaction are completely dominated by the
properties of the atomic step sites, given the enhanced reactivity of the active sites [34,37]. The
dissociation of CO on the step sites of Ru(109) has been thoroughly studied and is discussed in
Section 1.5 as a precursor to the studies presented in the later chapters of this thesis. The
investigation into the dissociation of N, on Ru(109) is discussed in extensive detail in Chapters 4

and 5.

1.3  ELECTRONIC FACTORS IN THE ADSORPTION AND REACTIVITY AT

METAL STEP SITES

One of the long term goals of surface science is to establish an understanding of the physical
properties of a surface that determines its chemical reactivity. This detailed understanding of the
electronic effect has become possible with the recent introduction of powerful theoretical
methods, such as density functional calculations [45].

The coupling of the electronic states of a metal leads to the formation of bands of states,
which differ in the role they play in surface chemistry. Calculations have shown that the surface
reactivity of adsorbates on metals is determined by the following electronic factors; (1) the

energy of the adsorbate bonding and anti-bonding electronic states relative to the metal d-bands,
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(2) the coupling matrix element between the molecular orbitals and the metal d-states, and (3) the
degree of filling of the molecule-surface antibonding states given by the position of the Fermi
level, Er [46]. The interaction between the bonding and anti-bonding molecular states and the
metal d-states, the rehybridization, and the degree of overlapping of these states contribute to the
above electronic factors. A one-electron state in an atom or molecule outside a metal surface
will interact with all the valence states of the surface atoms. These states form a band or several
bands of states. The degree of the interaction between the atom (or molecule) and the metal
surface is related to the energy of the center of the projection of the d density of states onto the
adsorption site, relative to the Fermi level. Since there are many d-states with different densities,
a weighted average, or “center” is computed. On corrugated metal surfaces, the d-states are
strongly directionally patterned according to the surface morphology, while the surface states
with s-p character are typically distributed uniformly and isotropically [47].

On transition metals, a weak, non-site-specific adsorption site is provided by the broad s-
band and the d-states form much narrower bands [45]. The interaction of an adsorbate state with
the d electrons of a surface gives rise to bonding and antibonding states due to the narrowness of
the d-band (Figure 4) [45]. When the d-band is low and broad, only a single resonance can be
observed at the bottom of the band. The lack of empty antibonding states results in a weak
chemisorption of the adsorbate on the surface. However, as the energy of the d-band center
shifts up toward the Fermi level, a distinct antibonding state appears above the Fermi level.
These antibonding states are empty and the bond strength increases as the number of empty
antibonding states increases. This statement generally holds true for a large number of both
atomic and molecular adsorbates on transition metal surfaces. Strong chemisorption also occurs

as bonding states shift down through the Fermi level and become filled.
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Figure 4: The local density of states projected onto an adsorbate state interacting with the d-bands at a
surface. From Ref. [45]. Reprinted with permission from Elsevier, Copyright 2000.

The lower coordinated atoms at the step edge have a smaller d-band width because of the
reduced coupling of the neighboring d-states and therefore a higher energy of the d-band center.
The energetically higher d-band center ultimately leads to the observed reactivity at the atomic
step sites. In the case of most transition metals where the d-band is more than half filled, the
filling of the d-band is kept fixed so that as the center of the band shifts up toward the Fermi
level, the band width decreases.

In the absence of a surface adsorbate, a good prediction of the chemisorption bond
strength can be obtained by the projection of the center of the d-bands onto different adsorption
sites as shown in Figure 5. Figure 5 shows that the d-band center is closer to the Fermi level for
the kink sites than for either the step sites or the terrace sites [48]. This clearly indicates that the
reactivity of the kinks is the highest, whereas the reactivity at the higher coordinated terrace sites
is the lowest. DFT calculations predict an increase in binding energy of CO on Pt sites from

terrace sites to step sites in good agreement with previously reported experimental data as shown

in Figure 6 [48].
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result for CO over Pt(211) calculated with a full structural relaxation. From Ref. [48]. Reprinted with
permission from Springer Link, Copyright 1997.
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1.4  THE FISCHER-TROPSCH SYNTHESIS

1.4.1 History of the Fischer-Tropsch Synthesis

The Fischer-Tropsch (F-T) synthesis is the reaction of carbon monoxide and hydrogen in the
presence of a catalyst which is primarily composed of nickel, cobalt, iron, or ruthenium [49,50].
nCO + (2n+2)H, — C,Hz,» + nH,O

The principal products resulting from this hydrogenation process are primarily straight
chain paraffin hydrocarbons. Aliphatic alcohols, aldehydes, alcohols, and other branched-chain
hydrocarbons constitute many of the secondary products. The synthesis of various hydrocarbons
from the CO hydrogenation over transition metal catalysts is perhaps the most promising source
of chemicals and fuels from a non-petroleum based supply [51]. The initial reactants in the
above reaction can be produced through the partial combustion of a hydrocarbon or by the
gasification of coal or biomass. Additional hydrogen can also be supplied by means of the water
gas shift reaction in which CO and H,O are reacted to form CO, and H,. This reaction is not an
efficient means of generating hydrogen due to the high temperatures required for the reaction to
proceed. This reaction is, however, a very important part of the Fischer-Tropsch synthesis
reaction as the water gas shift reaction is used to adjust the hydrogen and carbon monoxide ratio
in order to find the optimal gas mixture. The resulting mixture of carbon monoxide and
hydrogen is called synthesis gas, or syngas. Currently South Africa operates a combined total
production capacity of about 4 million tons per year from the three Sasol plants [52]. Additional
F-T synthesis plants in New Zealand (the Mobil MTG plant in 1985) and the 1993 Shell plant in

Malaysia are evidence of the long term interest in hydrocarbon synthesis from CO.

14



At the beginning of the twentieth century, Sabatier and Senderens [53] were the first to
demonstrate the successful hydrogenation of CO using a Ni catalyst forming methane at elevated
temperatures and pressures. The scientific and industrial importance of the chemical behavior of
carbon monoxide and its reactions has increased tremendously since Sabatier’s groundbreaking
work as indicated by the vast number of reviews and articles published on the Fischer-Tropsch
synthesis in recent years [51,54-65]. The Fischer-Tropsch synthesis originated in 1923 in an
observation made by Franz Fischer and Hans Tropsch in which hydrogen when reacted with CO
in the presence of alkalized iron turnings at elevated temperatures (400 — 450 °C) and pressures
(100 - 150 atm) resulted in the formation of “synthol”, a mixture of mostly oxygenated
compounds. It wasn’t until 1925 that Fischer discovered that by using an iron-zinc oxide catalyst
and pressures on the order of 1 atm that a mixture of mostly hydrocarbons could be formed

[49,50]. This truly was the first Fischer-Tropsch synthesis.

1.4.2 Fischer-Tropsch Catalytic Activity of Metals

Vannice [66] determined the specific activity of various metals as Fischer-Tropsch catalysts so
as to facilitate a comparison between the various metals. In his work he found that ruthenium
was the most active F-T catalyst. The reactivity of other metals was as follows: Ru > Fe > Ni>
Co > Rh > Pd > Pt but the average hydrocarbon molecular weight decreased in the order Ru > Fe

>Co > Rh>Ni>Ir>Pt>Pd.
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1.4.3 Mechanism of the Fischer-Tropsch Synthesis

Even though the Fischer-Tropsch synthesis has been investigated in detail for nearly 70 years
there is still no clear understanding of the mechanism that is sufficient to accurately predict the
products under various conditions or to unify the many observations in a detailed way [65].

There are two proposed pathways of the Fischer Tropsch synthesis to be discussed below.

1.4.3.1 CO Insertion Mechanism

The first pathway proceeds via the molecular chemisorption of CO on the surface, which
is preceeded by a very brief stage of physisorption. In the chemisorbed phase the CO is adsorbed
on the metal surface in a carbonyl-like mode. The bonding of the CO occurs through one or
more metal atoms through the carbon by donation of the CO 5c electrons to the metal and by the
back donation of metal d electrons into the CO 2" antibonding orbital [67-71]. The metal-
carbon bond will strengthen as the number of metal atoms involved in the bonding increases and
the strength of the C-O bond will subsequently weaken. The CO will then be more susceptible to
hydrogenation, which is the second step in the reaction mechanism, or other reactions.
Molecular adsorbed CO can react with adsorbed hydrogen yielding two possible products. When
the CO is reacted with hydridic hydrogen a formyl intermediate is formed as indicated in

mechanism I and the structure is indicated in Figure 7.

M—CO + M—H <> M—CHO + M (I)
i
M—C—0

Figure 7: Formyl Intermediate.
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The CO can also react with protonic hydrogen forming an alcoholic intermediate as

indicated by mechanism II and Figure 8.

M—CO + M—H < M—COH + M (D)

M==COH

Figure 8: Alcoholic Intermediate.

Mechanisms I and II are the initial steps in the CO insertion mechanism. The formyl (or
alcohol) intermediate is then hydrogenated forming CH3 adsorbed on the surface. The reaction
proceeds by a CO-insertion mechanism as indicated in Figure 9. In this mechanism the CO is
inserted into the M-H (or M-R) bond and then the oxygen is removed from the species through
reaction with hydrogen forming water. As the chain grows in length the M-C bond begins to
weaken. When the hydrocarbon intermediate becomes saturated, with methyl groups at each end

of the hydrocarbon chain, a stable hydrocarbon molecule can desorb from the surface.

CH
¢O CH [ H
CH, " — ‘co CcO 2
-H,0
(|:|_|3 CO
+
CH,  wiwm

Figure 9: CO Insertion Mechanism for the Fischer-Tropsch Synthesis.

1.4.3.2 Carbide Mechanism
The second pathway proceeds via a possible initial chemisorbed CO state, followed by

the dissociation of CO into atomic C and O at the temperatures of the Fischer-Tropsch synthesis.
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It has been postulated by Muetterties [72,73] and Masters [74] that a more strongly adsorbed
form of CO exists which is bonded side-on to the metal. This species should be more active
towards hydrogenation and carbon-carbon bond formation and is most likely an intermediate to
dissociation. There is evidence of CO dissociation on the surface of many of the Fischer-
Tropsch metal catalyst surfaces [69,75-88]. The carbon atoms on the surface will then react with

the adsorbed hydrogen in the following manner:

M—C + M—H < M—CH +M (I11)
M—CH + M—H < M—CH, +M IV)
M—CH, + M—H & M—CH; +M (V)

The overall mechanism of the carbide mechanism is shown in Figure 10:

CO C+0O
T —_—
+_"||_ +_|‘||_ + GHs |CH3

CH CH,

CH,
* ~HO * - L_’

Figure 10: Carbide Mechanism of the Fischer Tropsch Synthesis.

1.4.3.3 Current Mechanisms

It is well accepted that the Fischer-Tropsch synthesis involves a very complex reaction
scheme that is composed of a myriad of different reactive intermediates and elementary reaction
paths. The overall reaction paths include CO activation, CHy hydrogenation, hydrocarbon

coupling, and termination pathways. Even after nearly forty years of extensive research in the
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area of Fischer-Tropsch chemistry, there is considerable debate regarding the overall controlling
reaction mechanism [89].

In addition to the carbide (or carbene) mechanism and the CO insertion mechanism, there
is one additional mechanism of the Fischer-Tropsch synthesis which has been proposed and
debated for some time. The hydroxy-carbene mechanism is similar to the carbide mechanism,
but with the exception that two neighboring CO intermediates react with hydrogen to form two
reactive hydroxyl carbene intermediates. The addition of hydrogen and subsequent elimination
of water from the adsorbed RCHOH intermediates leads to the formation of a growing
hydrocarbon chain as shown in Figure 11. There is evidence that the overall mechanism may
depend on the catalyst chosen for the reaction. A recent report by Davis indicates that on an Fe
surface, the CO insertion mechanism takes precedence, whereas the surface carbide mechanism

appears to be dominant on the Co surface [56].

H
2H,,
cO . COH

—_

H H oH. . H.C 2H C\
N\ \ s N, ads \ =
|—» COH + COH J7& GCOH —o» ¢ —> HC=CH.

Figure 11: Hydroxy-Carbene Mechanism of the Fischer Tropsch Synthesis.

19



1.5 SPECTROSCOPIC DETECTION OF CO DISSOCIATION ON DEFECT SITES

OF Ru(109): IMPLICATIONS OF FISCHER-TROPSCH CHEMISTRY

1.5.1 Introduction

As indicated in the previous sections, there has been tremendous interest in the role of atomic
defect sites on various catalytic metal surfaces. A detailed investigation into the properties of the
atomic steps on a Ru surface using CO as a probe molecule has been carried out in our
laboratory. The surface chemistry of ruthenium is of great importance because of the catalytic
usefulness in Fisher-Tropsch chemistry. It is most likely that the initial breaking of CO bond
upon chemisorption is one of the fundamental steps in the Fischer-Tropsch synthesis.

Using infrared reflection absorption spectroscopy, temperature programmed desorption,
and isotopic mixing techniques, the behavior of CO on Ru(109) was thoroughly investigated.
The Ru(109) single crystal surface contains terraces of the (001) orientation separated by double
atom height steps of the (101) orientation. A schematic of the crystal structure is shown in
Figure 26. The investigation of CO, while important on its own for understanding the role of the
step sites on Ru(109), laid the foundation for future experiments which are presented in chapters
3-10 of this thesis. CO and N, are isoelectronic molecules and therefore might be expected to
behave similarly when adsorbed on the Ru surfaces; however, we have found that these
molecules actually behave differently due to the difference in the bonding to the substrate. These
effects will be discussed in the later chapters of this thesis. The Ru(109) sample used in these

studies was cleaned and prepared according to the procedure outlined in Chapter 2.

20



1.5.2 Results

1.5.2.1 Infrared Spectral Development of CO

The development of the infrared reflection absorption spectra was followed as a function
of coverage of adsorbed '2C'°O on the surface of the Ru. After exposure to a particular dose of
2¢O the surface was linearly heated to 250 K and cooled immediately in order to equilibrate
and order the CO adlayer. No CO desorption occurs up to this temperature. The infrared spectra

can be seen in Figure 12.
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Figure 12: Infrared spectra of 2C'°0 adsorbed on Ru(109) at 88 K at increasing coverages.
Reprinted with permission from Elsevier, Copyright 2003.

For all CO coverages a single infrared band was observed. At the lowest coverage of 6¢o
= 0.005 (hereafter relative to the available Ru surface atoms) the singleton band is located at

1973 cm™. As the coverage is increased, the band grows in intensity and constantly shifts
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upward in frequency until the point of saturation at 2063 cm™. The vibrational frequency of an
adsorbate molecule in the limit of very low coverage is termed the singleton frequency. This
frequency is indicative of the character and strength of the primary chemical bond to the metal
surface and is characteristic of the adsorbed molecule in the absence of intermolecular
interactions.

The upward shift in the vibrational frequency of CO with increasing coverage can be
explained by several basic effects. The symmetrical vibrational coupling between neighbor CO
molecules causes an upward shift in the observed mode as a result of the direct interaction
between the dynamic dipoles and the interactions with the image dynamic dipoles [90]. In
addition, as the coverage increases, the increasing competition for back-donating electrons from
the metal to enter the empty 2m orbital, will result in an upward shift in the vibrational
frequency and a weakened CO bond. The antisymmetrical coupling between neighboring CO
molecules produces an interacting mode with cancelling dynamic dipoles which is invisible
using reflection IR.

The behavior as well as the range of the infrared spectra coincides very closely with the
results reported for CO adsorbed on atomically smooth Ru(001) throughout the entire coverage
range [91-93]. It was previously reported that CO is adsorbed in an atop configuration given the
observed vibrational frequency. A bridging CO species would have a significantly lower
vibrational frequency (~1800 cm™). Based on these previous results we conclude that the CO is
adsorbed in a singly coordinated on-top configuration on the terraces and possibly the steps of

the Ru(109) surface.
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1.5.2.2 IR Spectral Changes Accompanying the Thermal Depletion of CO

The thermal depletion of the chemisorbed CO was followed by means of infrared
reflection absorption spectroscopy. *C'®0 was adsorbed on the surface at a coverage of about
5.2 x10" cm™ (0co = 0.038) on the Ru surface. Since small amounts of 2¢1%0 are always
present in the UHV chamber, the *C'®0 isotopomer was used in these studies to eliminate any
potential interference from the background '*C'°O. The crystal was heated linearly at a rate of
2.0 K/s and then cooled immediately after reaching the designated annealing temperature. The
cooling process typically took 1-2 minutes before the base temperature of 88 K was reached.
The *C'™0O exhibits a single vibrational band at about 1891 cm™ immediately after adsorption
and prior to annealing the sample. The same coverage of '“C'°0 exhibits a vibrational mode at
about 1980 cm™' (data not shown here). As the temperature is gradually increased, the vibrational
mode gradually decreases in frequency and intensity as indicated in the sequential series of

spectra in Figure 13.
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Figure 13: Infrared spectra of “C'®0 adsorbed on Ru(109) surfaces at 88 K and annealed to various
temperatures. All spectra were recorded after the sample was cooled to 88 K.
Reprinted with permission from Elsevier, Copyright 2003.

In the temperature range of 100 - 400 K, there is very little shifting of the infrared band,
but there is a narrowing of the band as the annealing temperature is increased. As the annealing
temperature was increased to 425 K, the peak shifts from 1891 cm™ to 1888 cm™ and becomes
more symmetric. The relative area of the absorbance spectrum remains fairly constant up to 425
K. There is no desorption of CO up to this temperature as indicated by the constant integrated
absorbance. This speculation is confirmed in the series of TPD spectra in Figure 14. A
continued increase in the annealing temperature of the sample results in a further decrease in the
frequency of the vibrational band as well as the integrated absorbance until all of the infrared

active species of CO have completely disappeared at a temperature of about 480 K.



1.5.2.3 Temperature Programmed Desorption of CO
12C'%0 was adsorbed on the surface at increasing coverage up to the point of saturation of

the surface. The thermal desorption spectra of the adsorbed CO can be seen in Figure 14.

200 300 400 500 600 700
Temperature (K)

Figure 14: Thermal desorption spectra of CO adsorbed on Ru(109) at 88 K. The indicated CO exposures
include the minor contribution from the background exposure.

It can be seen in all of the spectra that there are two main features of the TPD spectra. At
the lowest observable coverage of CO, there are two features in the CO desorption spectra, one at
480 K and the other at 535 K. The peak at 480 K, termed the a peak, continues to increase while
shifting to lower temperatures until the coverage reaches saturation. The second feature of the
spectra, the B peak, grows only gradually and does not shift in temperature as the coverage is

increased. From the TPD spectra it is evident that there is CO desorbing from the surface after
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480 K even though from the infrared spectra it was found that all molecular CO was completely

removed from the surface after 480 K.

1.5.2.4 Isotopic Mixing of *C'*0 and “C'"®0 on Ru(109)

The two stable isotopomers of CO, 2¢1%0 and C'®0, when adsorbed simultaneously on
the surface, provide an excellent opportunity to detect the dissociation of CO on the Ru surface
through the formation of the various mixed isotopomers. Each of the two isotopomers were
adsorbed on the Ru surface in equimolar amounts at a coverage of 3.0 x10" cm™ (6¢o = 0.022).
The two isotopomers were initially mixed in the gas handling line prior to exposure of the
crystal. The incoming gas was monitored with the QMS, which showed that the two species
were sufficiently mixed. During the TPD scan, the signals from 28 amu, 29 amu, 30 amu, and
31 amu (**C"%0, *C'®0, *C'®0, and "*C"*0O respectively) were monitored by QMS multiplexing.
In Figure 15a it can be seen that only the two initial isotopomers desorb in the region below 480
K. However, above 480 K, all four isotopomeric combinations desorb in comparable amounts
forming the P peak in each of the TPD traces. The fraction of isotopic mixing between the
species was determined from the TPD traces and the results are plotted in Figure 15b. Isotopic
mixing occurs primarily in the high temperature region of the TPD spectra. This clearly
indicates that the B peak is attributed to the recombination of some mobile C and O species that
is formed by the dissociation of the CO by some type of active site on the Ru surface. The high
temperature CO desorption feature was not seen on the atomically smooth Ru surface nor was
any isotopic mixing observed in the TPD spectra of CO/Ru(001) [94,95]. In agreement with the
previous experimental evidence we also have not observed the high temperature B desorption

feature during the desorption of CO from the atomically smooth Ru(001) surface as indicated in
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Figure 16. Therefore it is very likely that the step sites which are present on the Ru(109) surface

are solely responsible for the dissociation and subsequent recombination of CO on the surface.
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Figure 15: CO isotopic mixing during TPD on Ru(109). (a) TPD of CO from Ru(109). The initial coverage
was 3.0 x 10"* CO / cm? for each isotopomer. (b) Fraction of isotopic mixing, f,,, between the CO isotopomers,
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where X; is the mole fraction of the ith isotopomer in the desorbing CO.

as determined by multiplex mass spectrometry during TPD: fm = s
13C160 + XIZCI()O)
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Figure 16: Temperature desorption spectrum of a saturated CO coverage from Ru(001).

1.5.2.5 Site Blocking of CO Dissociation by Carbon

It is known that the thermal decomposition of ethylene on Ru produces carbon deposits
on the surface between the temperature range of 350-650 K [96]. The effects of the controlled
deposition of carbon on the CO desorption from the Ru(109) surface were studied. Ethylene was
initially adsorbed at 88 K on the stepped Ru(109) surface at coverage up to 10 % of the available
Ru surface atoms. After deposition of the ethylene, the sample was linearly heated to 800 K in
order to decompose the adsorbed ethylene leaving carbon atoms on the Ru surface in an amount
up to ~20% of the surface sites. CO was then adsorbed on the surface at 88 K in order to
produce a coverage of Oco = 0.095. The CO adlayer was then subjected to thermal desorption

and the subsequent spectra at varying initial coverages of C,Hy are plotted in Figure 17.
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Figure 17: Thermal desorption spectra of CO adsorbed on Ru(109) at 88 K at different coverages of
preadsorbed carbon. Reprinted with permission from Elsevier, Copyright 2003.

The preadsorption of carbon affected the overall features of the TPD trace but not the
total area under the curves indicating that the amount of adsorbed CO on the surface remains the
same in each trace. As the initial coverage of C,H, is increased, the [ feature decreases in
intensity while at the same time the o peak gains intensity. After an initial carbon coverage of
Oc = 0.20, the B peak is completely suppressed indicating that the CO dissociation and hence
recombination is no longer occurring on the surface. This low carbon coverage of only 20 % is
enough to completely block the dissociation and recombination of CO on the surface, and
therefore the surface sites responsible for this phenomenon must constitute a fraction of the

surface that is less than 20 %.
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1.5.3 Discussion

The above results indicate that the CO dissociation process primarily occurs at the steps as there
was no evidence of CO dissociation and recombination on the Ru(001) surface [94]. Previous
work by Menzel et al. [97] has shown that electron bombardment of a CO adlayer on Ru(001)
results in a high temperature feature in the TPD spectra around 560 K. This high temperature
feature was attributed to CO that had recombined from C(a) and O(a) prior to desorption. When
CO was chemisorbed on the Ru(110) surface, it was reported that this more open surface is
capable of dissociating up to 20% of a CO monolayer producing a high temperature TPD state at
500 K and 540 K which was attributed to recombinative desorption as investigated by TPD and
High Resolution Electron Energy Loss Spectroscopy (HREELS) [98]. Upon prolonged exposure
to CO at 501 K, the stepped Ru(1 1 10) yielded a TPD peak at 580 K. Tamaru et al. conclusively
demonstrated by means of an isotopic mixing experiment that this peak was indeed due to
dissociatively adsorbed CO [95]. Westre et al. had previously observed a small high
temperature state in the TPD spectra of CO on a stepped Ru surface [99]. This peak which was
near 520 K was not attributed to dissociated CO that had recombined, but rather to a spurious
source that originated from somewhere other than the front side of the crystal. The conclusions
were based on various coverage measurements as well as the lack of specific Auger features
characteristic of dissociated CO.

In Figure 14 it is found that the 3 feature of the TPD comprises nearly one third of the
total area of the TPD trace at the lowest coverages. The information obtained from the ethylene
deposition experiments (Figure 17) supports the fact that the high temperature peak in the CO
TPD reported here (Figure 14) is indeed a real occurrence. The deposition of small (< 20%)

amounts of carbon from ethylene causes the [ peak to decrease in intensity while simultaneously
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causing the o feature to increase by a comparable amount. This information alone strongly
supports the conclusion that both of the desorption peaks arise from the same front surface of the
crystal.

These results therefore demonstrate conclusively that the atomic step or defect sites on
the Ru(109) surface are responsible for the CO dissociation observed near 480 K, resulting in a
high temperature 3 peak at 535 K. The results of the experiments in the previous section are
summarized below as the principal reasons for this conclusion. (1) The 1891 cm™ feature in the
infrared spectra of BC™®0 on Ru(109) is assigned to undissociated CO molecules. In the
temperature range of 445 K — 480 K this feature disappears as can be seen in Figure 13, which
corresponds to the a-desorption process. After the vibrational band attributed to the on-top CO
species disappears from the IR spectra, the 3-desorption process begins to occur near 500 K and
continuing to 535 K. The B-desorption process therefore corresponds to the recombinative
desorption of dissociated CO on the Ru surface. (2) During the isotopic mixing experiment the
mixing of the '*C'®0 and *C'®0O occurs exclusively during the p-desorption process (Figure 15)
even though the B peak accounts for a minor fraction of the overall area of the TPD trace. From
this information we determine that the o peak corresponds to the desorption of molecularly
adsorbed CO, whereas the 3 feature is attributed to the recombination of the dissociated CO.
The CO dissociates on the Ru surface at temperatures below 530 K, but the exact onset
temperature of dissociation is not known. (3) The CO dissociation/recombination process on the
Ru(109) surface is completely suppressed by the preadsorption of carbon from ethylene at a
coverage of Oco = 0.20 (Figure 17). The close packed terraces constitute a majority of the
overall surface and therefore can not be blocked by the deposition of such a small amount of

carbon on the surface. Therefore, the dissociation of CO must occur primarily at the steps.
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The explanation as to why the dissociation of the CO molecule occurs at the steps relates
directly to the special steric environment of the Ru step sites. The step atoms are coordinated to
neighboring Ru atoms less completely that the Ru atoms in the close packed atomically smooth
planes.

The phenomenon observed here is strikingly similar to previous behavior of CO on the
early transition metals such as Cr(110) [100-102], Fe(110) [103-105], Mo(100) [106], and
Mo(110) [107,108]. Hoffman et al. had also observed the CO dissociation on K-promoted
Ru(001) [109]. In much of the previous work on the early transition metals the recombination of
C(a) and O(a) occurred at temperatures that were much higher than the temperature at which the
CO dissociation occurred. For Ru the difference in the dissociation temperature of the CO and
the temperature at which the recombined molecule desorbs is small. This may possibly indicate
that either the C(a) or O(a) are more mobile on the Ru surface than on other transition metal
surfaces. Since the recombination of the adsorbed species must involve some degree of surface
mobility, it is quite possible that the special Fischer-Tropsch activity of Ru may be due to the
relatively low dissociation temperature and the C(a) and O(a) surface mobility at 500 K. This
temperature range of the mobile carbon existence coincides with the temperatures of the
industrial Fischer-Tropsch synthesis. These findings therefore support the hypothesis in which
the mobile C(a) species, which is provided by CO dissociation at temperatures below 480 K,

may act as an intermediate surface species in the F-T catalysis on Ru.

1.5.4 Summary

The atomic step defect sites of the Ru(109) surface exhibit enhanced CO dissociation activity as
compared to the atomically smooth Ru(001) surface which contains only an “infinite” terrace.
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The high dissociation activity of the Ru step sites is most likely due to the lower coordination
number of the steps compared to the terraces or to the special steric environment at the vicinity
of the Ru step sites. This enhanced dissociative behavior leads to C and/or O mobility on the
surface which ultimately leads to recombination of the adsorbed C and O species and hence
desorption at a higher temperature than observed for the molecularly adsorbed CO. It is very
likely that the enhanced mobility of the adsorbed species and the interaction of those species
with adsorbed hydrogen are involved in Fischer-Tropsch chemistry forming long linear alkane

products and water.

1.6 NITROGEN CHEMISTRY ON RUTHENIUM

1.6.1 The Haber Bosch Process

The Haber-Bosch process, which is the catalyzed conversion of N, and H, into NHj3, has often
been called the most important technological advance of this century. The synthesis of ammonia
is important because of the industrial application in which synthetic fertilizers have contributed
enormously to the survival of mankind through the significant increase of agricultural yields.
Even before the discovery of the Haber-Bosch process, many attempts had been made to study
the synthesis and decomposition of ammonia with minimal success. As far back as 1823,
ammonia was first synthesized from the combustion of hydrogen with a deficiency of air in the
presence of a platinum catalyst, according to a report by Dobereiner [110]. Fritz Haber began
work on the thermodynamic equilibria in the reaction of N, and H, using iron as a catalyst in

1904. Initially, Haber worked at 1300 K and atmospheric pressure even though he speculated
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higher pressures would yield higher concentrations of ammonia. Even though the total amount
of ammonia obtained at equilibrium was extremely small, Haber estimated that the reaction
temperature necessary for the commercial synthesis at atmospheric pressure would have to be
lower than 300°C. It wasn’t until 1908 that Haber was able to synthesize considerable amounts
of ammonia from nitrogen and hydrogen using a closed circulating system at elevated
temperatures (600°C) and pressures (roughly 200 bar). The first large scale synthesis of
ammonia from its elements took place in 1912, after Carl Bosch had developed the high pressure
technology for the chemical industry. This process became known as the Haber-Bosch process,
which was the first industrial process to make use of extremely high pressures (200-400
atmospheres) and high temperatures (400-650 °C).

The synthesis of ammonia is of critical importance because it is the primary ingredient in
artificial fertilizers, without which, modern day agricultural yields would be impossible. In order
to be used as a fertilizer the ammonia must first be converted to nitric acid, which is then
converted to ammonium nitrates for use by the plants. Plants are also capable of using the liquid
ammonia directly although the available nitrogen is not as readily available for use as in the
ammonium nitrate. When ammonia is used as a source of nitrogen, the ammonium nitrogen is
converted to the useable nitrate form by nitrifying bacteria in the soil. During the first decade of
the 20™ century, the world’s supply of fixed nitrogen was declining rapidly relative to the
demand, spurring interest in the artificial synthesis of nitrates.

Today, nearly one century after the development of the Haber Bosch process, it is still
applied all over the world to produce nearly 500 million tons of artificial fertilizer per year.
Roughly 1% of the world’s energy supply is used for the production of ammonia [111] and the

process sustains nearly 40 % of the population [112].
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1.6.2 Mechanism of the Haber Bosch Process

There has been considerable interest in Ru as a Haber Bosch catalyst to replace the traditional Fe
catalyst for the conversion of N, and H, into NH3. The promoted Ru catalyst is more efficient
than the iron catalyst and is less susceptible to blocking of the active sites by excess nitrogen and
poisoning by traces of oxygen [113]. For the Fe-based catalyst, the underlying reaction
mechanism consists of the dissociative adsorption of N, followed by the hydrogenation of N on
the catalyst surface. The same reaction scheme holds true for the Ru-based catalyst and consists

of six single steps as schematically indicated in Figure 18.
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Figure 18: Potential energy diagram for the ammonia synthesis on the Ru/MgO catalyst (dashed line) and

the Cs-Ru/MgO catalyst (solid line) as derived from microkinetic modeling of results from a flow reactor.

The adsorbed species are marked by an asterisk. From Ref. [114] and references therein. Reprinted with
permission from Wiley-VCH Verlag, Copyright 2000.

The production of NHj from N, and H, on metallic catalysts proceeds initially through
the dissociation of N, and H; which is then followed by a reaction of the atomic species on the

surface [115]. Various defect sites on the Ru(001) have been identified experimentally as well as
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theoretically [34] as the sites responsible for N, adsorption and activation which leads to
dissociation. Chorkendorff et al. [34] showed that the N, dissociation occurs at the step sites
with a dissociation barrier of about 0.4 eV and the terrace sites with a dissociation barrier of 1.3
eV. These values were determined by thermal sticking coefficient measurements and desorption
experiments of nitrogen on a clean Ru(001) surface and on a gold passivated surface, in which
the gold atoms poison the step sites. Chapter 5 of this thesis discusses in detail our experimental
determination of the activation barrier of dissociation for N, on the atomically stepped Ru(109)
surface, which was measured to be 0.26 eV.

The measured rate of the dissociative adsorption at the step sites is at least 9 orders of
magnitude higher at the step sites than at the terrace sites at a temperature of 500 K [34]. The
calculated difference in the activation barrier between the steps and terraces is slightly higher
with an approximate value of 1.5 eV [34] as shown in Figure 19. This huge difference between
the reactivity at the steps and terraces leads to two consequences. The first is that even a fraction
of a percent of steps on the Ru surface can completely dominate the rate of N, dissociation.
Second, it means that the ammonia synthesis reaction should therefore be extremely sensitive to
the step sites on the Ru(109) surface. In the ammonia synthesis the rate limiting step is the
dissociation of the N, molecule and therefore all catalytic activity is expected to be directly
related to the steps on the surface. Recent density functional theory calculations by Nerskov et
al. have confirmed this to be true on the surface of a Ru(001) catalyst [116]. Their results
indicated that the intermediates of the NH3 synthesis reaction are bound considerably stronger to

the active sites (located at the step sites) than the atomically flat terrace sites.
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Figure 19: Results from density functional calculations comparing N, dissociation on a terrace and at a step
on Ru(001). The upper curve shows the adsorption and transition state (TS) energies for the dissociation on
the terrace, whereas the lower curve shows the same energies at the step. From Ref. [34]. Reprinted with
permission from American Physical Society, Copyright 1999.

1.6.3 Bonding of N, to Ru

Even though N, and CO are isoelectronic molecules, the bonding to transition metal surfaces is
considerably different from each other. CO has been found to bind to the surface via the 5o and
2n" molecular orbitals. The HOMO of CO is the 5o orbital and is roughly nonbonding with
respect to the C-O bond, whereas the 2n" orbital, the LUMO, is antibonding with respect to the
C-O bond.

The 5c orbital is localized on the carbon end of the molecule and is completely occupied

as it lies below the Fermi level. The electron density of the 5o orbital is effectively donated to
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the metal as there is a strong interaction with the metallic electronic states [117]. In addition,
electrons are donated into the 2n orbital from the metal in a process known as backdonation.
CO adsorbs in a carbon down configuration due to the overlap of the 5c orbital with the metal
state. Because the 5o orbital is a nonbonding orbital with respect to the M-CO bond,
modification of this orbital does not have a large effect on the C-O bond. The C-O bond is
weakened due to the backdonation into the 27" orbital as this orbital is antibonding with respect
to the C-O bond. The weaker the C-O bond the higher the reactivity of the CO.

Nitrogen, on the other hand, has been found to bind to the surface only through o-
donation through various coadsorption experiments of nitrogen with alkali metals and oxygen
[118,119]. When nitrogen is adsorbed in the presence of a “charge donor” such as an alkali
metal, the M-N, bond is weakened due to the increase in the local density of states near the
Fermi level [118]. In the presence of a charge acceptor, such as oxygen, there is a decrease in
the density of states near the Fermi level and c-donation from the N, is facilitated resulting in a
stronger M-N, bond. The adsorption of nitrogen is dominated by the electron donation from the
3o, orbital to the metal surface.

Due to the antibonding character of the 2% orbital, an increase in the occupation of this
orbital subsequently weakens the intramolecular bond and can be detected by a downward shift
of the vibrational frequency. There is only a minimal shift of the vibrational frequency of
nitrogen as the coverage increases on a clean Ru(001) surface or on a potassium or oxygen
predosed surface [118,119]. This indicates then that n-backdonation is involved to only a minor

extent in the bonding of N to transition metals.
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1.7 ALKALI METAL ADSORPTION

In many chemical reactions a catalyst is used to enhance the rate of formation of a desired
product. There are certain instances, however, when a clean metal catalyst surface is not as
reactive as desired in order to be an effective catalyst.

In the industrial synthesis of ammonia from N, and H,, iron particles containing
potassium on the surface are used to increase the overall efficiency of the reaction [117]. The
catalytic activity of the iron is significantly increased by the potassium, making it a promoter
species. The barrier of a chemical reaction, which utilizes a promoted metal catalyst, will be
lower than if an unpromoted metal catalyst was used. Alkali metals are used extensively as
promoters in heterogeneous catalysis and surface science studies have helped to understand the
electronic origin of the alkali promoter atoms [120,121]. The understanding of alkali metal
interactions with metal surfaces has been acquired over decades [122,123]. The general picture
of alkali metal adsorption is based on the Langmuir-Gurney model [123], in which there is a
partial charge transfer from the alkali metal atoms to the metal substrate. In this model, as the
alkali metal coverage increases, depolarization effects set in causing a reduction in the dipole
moment of the alkali atom.

Promoters such as alkali metals are known to produce positive outward electric fields in
their vicinity. In the case of adsorbed CO and N, the electric field weakens the C-O or N-N
bond causing a decrease in the vibrational frequency, enhanced dissociation, and surface
complex formation [109,124-127]. In addition to the promotion of an iron based catalyst for use
in the ammonia synthesis, alkali-promoted catalysts are also necessary when using a Ru-based
catalyst [128,129]. Figure 20 shows the calculated reaction path of molecular nitrogen as a

function of the dissociation reaction coordinate on a clean Ru(001) surface as well as an alkali
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promoted Ru(001) surface. It can clearly be observed that the presence of the alkali metal lowers

the energy of the transition state, thereby lowering the overall activation energy of the reaction.
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Figure 20: The energy path for the dissociation of N, on Ru(001). From Ref. [120]. Reprinted with permission
firom American Physical Society, Copyright 1998.

From the vast number of reports on the alkali promotion of adsorbates, there are two
general schools of thought that have emerged regarding the interaction with an adsorbate. The
first focuses on the alkali-induced changes in the density of the metal states at the Fermi level
[130]. As indicated previously, the filling of the antibonding states leads to an increase in the
binding of a molecular species to the surface [45]. The strengthening of the metal-adsorbate
bond results in the weakening of the intramolecular bond, thus facilitating dissociation on the
surface. If the promoter is able to facilitate charge transfer from the substrate into the
antibonding electronic states of the adsorbate, dissociation of the adsorbate is therefore more

likely, and the overall activation barrier of the reaction will be lowered. The molecular states
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which are near the Fermi energy, Er, are the most sensitive to changes in the electronic structure
of the substrate. Slight shifts in the position of these states relative to Er can change their
separation and the extent of mixing with the substrate levels. In the presence of an alkali metal,
which is an electropositive adsorbate that donates electrons to the substrate, the surface density
of states near Ey is significantly perturbed. Due to the greater availability of electrons near Ep,
the substrate has an increased ability to donate electrons into the adsorbate, thereby lowering the
dissociation barrier [130].

The second interpretation regarding the interaction of the alkali metal with the adsorbate
focuses on the electrostatic interaction between the adsorbed alkali metal atoms and the
chemisorbed molecules [131]. If it is believed that if the transition state is stabilized relative to
the initial state of the reactants by promoter atoms, then the activation energy of the reaction will
be lower. Transition states typically exhibit a distorted electronic structure as well as extended
bonds. This results in larger dipole moments of the transition states compared to the ground state
molecules [131]. The increased dipole moment makes the transition state more susceptible to the
influence of the electrostatic fields arising from the presence of alkali metal ions on the surface.
The interaction of the field with the transition state reduces the energy of the state and therefore
the barrier of the reaction through this transition state.

It is not clear which promotion mechanism predominates during the adsorption of alkali
metals and it is quite possible that the actual mechanism of promotion is system specific.
Calculations by Narskov et al. have suggested that the alkali metal promoted dissociation of N;
on Ru surfaces is due to the electrostatic stabilization of the transition state [120]. However, on a

K-promoted Fe surface, the promotional effect arises from the stabilization of the chemisorbed
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Na(a) [132]. Chapters 7, 8, and 9 of this thesis will examine the interaction of CO with Li

promoter atoms on two Ru surfaces, while Chapter 10 deals with the coadsorption of N, and Li.
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2.0 EXPERIMENTAL

2.1 ESSENTIAL EXPERIMENTAL FACTORS

A number of experimental variables must be under control before a successful surface science
experiment can be performed. In the case of the work in this thesis, single crystals of metals are
used to investigate chemical processes which occur on the crystal surface. The ultimate goal is
to use the simplification afforded by a single crystal surface of known structure to understand
surface processes which occur on more complex surfaces, such as catalyst surfaces, which are
not controlled in structure, but which contain surface features similar to those which can be built
up on a single crystal. The examples provided in this thesis deal with the role of atomic step
defect sites on the vibrational and desorption kinetic properties of CO, N, and Li adsorbates.
The work is done by comparing a stepped, high index crystal to a non-stepped, planar low index
crystal surface. The work involves the use of single crystals of known orientation, investigated
in ultrahigh vacuum, under conditions of atomic cleanliness (< 1% surface impurities). The
crystals are studied by infrared reflection absorption spectroscopy (IRAS), and temperature
programmed desorption (TPD). The adsorbate molecules are quantitatively transferred to the
crystal surface using a molecular beam doser delivering a known flux of adsorbate molecules.
Prior to adsorption, the crystals are cleaned by sputtering and by chemical means, and the surface

purity is evaluated by Auger Electron Spectroscopy (AES). Adsorbate molecules may be
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bombarded by electrons to cause dissociation at low temperatures. In other experiments, to test
the effect of alkali promoter atoms on both stepped and planar crystals, Li atoms are
quantitatively dosed from a heated source known to deliver pure metal, and the effect of the Li is
investigated using work function studies, IRAS, and TPD. The subsequent sections of this
chapter deal with the details of the experimental methods employed.

The various properties of the surface can be affected considerably by even trace
quantities of impurities. Metal single crystal surfaces are typically cleaned by extensive Ar’ ion
sputtering, oxygen cleaning, and annealing procedures. Once an atomically clean surface is
obtained, it is absolutely critical to maintain a clean surface, which requires a very low
background pressure as most transition metals are very reactive. The major components of
residual gases in a UHV chamber are H,, CH4, H,O, CO, Ar, and CO,, with only CO, H,0, and
CO; being reactive. In a well baked UHV chamber, the concentration of the residual active
gases is typically less than 40 % of the total residual gases. The use of a turbo molecular pump,
an ion pump, and a Ti sublimation pump has been found to be an excellent combination to

achieve the desired vacuum.

2.2 ULTRA HIGH VACUUM CHAMBER

All of the experiments reported here were performed in an ultra high vacuum (UHV) chamber
that has been described in detail previously [133]. The custom designed, cylindrical, stainless
steel UHV chamber was built by Leybold-Heraeus GambH and the schematic is shown in Figure

21.
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Figure 21: Schematic diagram of the UHV apparatus.

The chamber is divided into four distinct levels as shown by the left side of Figure 21.
All of the major and minor analytical tools are contained in the top three levels of the chamber,
with the bottom level containing the tools necessary to achieve the ultra high vacuum conditions.

The top most level of the chamber, Level 1, contains the optical path and the
instrumentation for infrared reflection absorption spectroscopy (IRAS), which was the primary
technique used in the investigations reported in this thesis. The external optical bench is
constructed around the ultra high vacuum chamber. The infrared cells are constructed of
stainless steel and contain four KBr windows as shown in Section 2.6.2, Figure 33. The KBr
windows enclose two interconnected infrared cells which are either evacuated or contain the
same gas at the same pressure. The differentially pumped windows are sealed with viton O-rings

and are pumped by a 2 L/s diode ion pump (Varian, VA2-mini-vac-B). One of the infrared cells
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is used as a reference path for the infrared beam and the sample is positioned in the other infrared
cell to perform IRAS. With this design, vibrational measurements can be performed under ultra
high vacuum conditions as well at elevated pressures. The infrared compartment is separated
from the rest of the UHV chamber by a 2 34 viton seal gate valve enabling spectroscopic
measurements at pressures up to 1 atm.

Level 2, the preparation level, consists of equipment that is important for the initial
preparation of the single crystal surface. A four-grid low energy electron diffraction (LEED)
apparatus with a hemispherical phosphor screen for characterization of the single crystal surface
and adsorbate layer and a 8” viewport directly across from it for viewing the LEED images are
the major components at the second level. Also contained in the second level are two nude
extractor gauges (Leybold, IE511), an ion gun (Leybold, IQE 10/35) for sputtering, and a Li
getter source (SAES getters) mounted in a homemade evaporation source. The ion gun contains
a direct feed of gas (in this case Ar) into the ionizer region for a higher efficiency of sputtering
compared to simply backfilling the chamber with argon. The second level also contains a
commercial Kelvin Probe system (Besocke Delta Phi GmbH) for work function measurements.

A shielded quadrupole mass spectrometer (UTI 100C) with a 5 mm aperture and a Auger
spectrometer with a single-pass cylindrical mirror analyzer (Physical Electronics, 10-155, base
system 3017) are mounted directly across from each other at the third level of the chamber. This
level also contains a capillary array molecular beam doser mounted on a linear transfer
mechanism for accurate positioning relative to the crystal, a tungsten coil for hydrogen
dissociation, and two glass viewports (6” and 4 '%”). The capillary array molecular beam doser
is used for the quantitative exposure of the surfaces to molecular adsorbates. The flux of the gas

is limited by a pinhole aperture (~5 pm), randomized by a baffle inside the doser housing, and
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subsequently collimated by a capillary array of parallel capillaries with a 10 pm diameter and a
length of 500-1000 pm fused together into a hexagonal arrangement. Additional details
concerning the molecular beam doser as well as its construction can be found in Appendix A.

The lowest level of the chamber contains an additional nude extractor gauge (Leybold, IR
511), an all metal high-precision leak valve (Leybold, 873-05) for controlled admission of gas
into the chamber, and a three-filament Ti sublimation pump (Leybold). The Ti sublimation
pump is capable of producing a getter layer of titanium on the walls of the lower part of the
chamber. A metal shield above the filaments prevents the deposition of a Ti film onto the rest of
the chamber.

Under normal experimental conditions, a 270 L/s diode sputter ion pump (Leybold, 1Z
270) exclusively pumps the 100 L chamber in order to maintain the vacuum to the desired base
level. The chamber can also be pumped by a 360 L/s turbomolecular pump (Leybold, Turbovac
360) in cases of high gas loads. The turbo pump is backed by a 400 L/min dual-stage rotary vane
roughing pump (Leybold, D16A). The chamber is isolated from the turbo pump via a viton seal
gate valve under normal experimental conditions such that only the ion pump is responsible for
maintaining vacuum. After an extensive bakeout of the chamber at 150°C the base pressure in
the chamber is consistently less than ~ 1 x 10" mbar.

The various instruments and equipment are positioned radially relative to the center axis
of the chamber and therefore it is necessary to be able to position the sample in front of any of
the various ports. The sample is mounted on a removable holder (see section 2.3), which is
attached to a stainless steel tube via a copper finger that is silver soldered at the end of the tube.
The entire sample assembly is mounted to a manipulator (UHV instruments, 2150) and can be

accurately and reproducibly positioned inside the UHV chamber using four degrees of freedom.
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The manipulator assembly (Figure 22) can be rotated 360° on top of the IR cell assembly by
means of a two stage differentially pumped rotary seal with Teflon gaskets [133,134]. The first
stage of pumping consists of rotary roughing pump (Welch Duo-Seal 1400) and the second stage
is pumped by a 2 L/s diode ion pump (Varian, VA2-mini-vac-B). The manipulator enables
translation of the sample by up to 1” in each of the x- and y- directions (horizontally) with a
precision of 0.001-0.002” using the micrometric screws. The stainless steel tube is contained in
a long welded stainless steel flexible bellows which enables up to 20 of translation in the z-

direction (vertically).

Electric motor
for z-translation

Micrometric screw
for x-translation

Ball-bearing
plate

Figure 22: Manipulator for x-, y-, and z-translation and 360° rotation of a sample in the UHV chamber.
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2.3 SAMPLE MOUNTING

The critical component of the sample assembly is a removable sample holder which is mounted
at the end of the long stainless steel tube. The sample holder mounts to the copper “cold” finger,
which is silver soldered to the bottom end of the stainless steel tube (Figure 23). The hollow
cavity in the copper cold finger as well as the tube is filled with liquid nitrogen for very efficient

cooling of the sample.

Stainless Steel
Tube

Figure 23: Tubular liquid nitrogen reservoir with copper cold finger welded to the open end.

The sample is heated by resistive heating and the pair of power heating leads is enclosed
in insulating ceramic tubes along the entire length of the tubular shaft as shown in Figure 23. In

addition there are two pair of thermocouple wires that are also insulated in ceramic tubes for
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measuring the temperature of the sample. The upper end of the stainless steel tube is connected
to a manifold with three UHV ceramic feedthroughs; one pair for the power heating leads, the
second pair for a Type K (chromel-alumel) thermocouple feedthrough, and the third pair for a
Type C (W-Re(5 %) —W-Re(26%)) thermocouple feedthrough. The wires (power and
thermocouple) are connected to the feedthrough wires with small nuts and bolts. This manifold
assembly and the insulated connections are designed to be kept intact for a permanent installation
and are only disassembled in the event of a problem with one of the wires or feedthroughs.

The removable sample holder (Figure 24) installed at the lower end of the copper cold
finger enables the single crystal sample to be changed with relative ease through a 8”- flange on
the side of the UHV chamber. The sample holder is constructed of OFHC copper and facilitates
the efficient cooling of the sample through heat transfer with the cold finger.

Two 1.0 mm tungsten wires are spot welded to the edges of the single crystal in order
heat and cool the sample. The power heating leads (from the upper manifold) are connected to
the external copper plates of the sample holder via a copper connector and an additional copper
wire, which is held in place by the upper two screws in the copper plates. The two lower screws
in the copper plates hold the W-wires in place and ultimately support the weight of the crystal.
The two copper plates are electrically isolated from the main center part of the sample holder by
1 mm thick sapphire wafers which are cut and polished perpendicular to the crystallographic c-
axis, as the thermal conductivity of sapphire is highest along the c-axis. This type of
construction has routinely enabled resistive heating to 1700 K and cooling to 85 K with liquid

nitrogen or to 75 K by bubbling He through the liquid N, coolant [135,136].
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Figure 24: (a) Removable sample holder. (B) Schematic of sample mounting. Upper thermocouple
connections are electrically insulated with glass-fiber sleeves as shown in (a).

At 0 K all molecular motion apart from that associated with the zero point energy ceases,
which means that if the temperature is low enough all chemical substances will condense.
Therefore, it is highly desirable in surface science studies to work at sample temperatures as low
as possible in order to promote chemisorption as well as physisorption. The two most commonly
used cryogens are liquid nitrogen and liquid helium, but in the experiments presented here, only
liquid nitrogen was used for cooling purposes.

An electronic ice point was used to convert the thermocouple voltages into 0°C
referenced signals for exportation into a Labview Data Acquisition program. Unfortunately, a
factory calibration for the type C thermocouple is not available below 255 K. It was therefore
necessary for the type C thermocouple to be calibrated against the type K thermocouple, which
has a calibration table. The initial calibration of the type C thermocouple was accomplished
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through the use of a “dummy” sample to which both sets of thermocouples were attached. The
sample was cooled using liquid N, and an algorithm was determined from the data to relate the
type K voltage to the uncalibrated type C voltage. The type C thermocouple was able to be
calibrated to ~85 K and any readings below this temperature are subject to question. It was
imperative during the calibration process that liquid nitrogen was added more or less
continuously to the dewar atop the tubular shaft such that it was always filled to ensure a
constant temperature of the manifold. This minimized any potential errors associated with a
temperature fluctuation of the thermocouple feedthroughs. The thermocouple (type C)
feedthroughs are extremely temperature sensitive due to the fact that they are composed of an
alloy different from the standard tungsten-rhenium combination due to the brittleness of the
tungsten. An additional method to minimize the errors associated with the type C feedthrough
was to construct a styrofoam shield around the thermocouple feedthrough to prevent the cold
vapors from the liquid N, from altering the temperature of the feedthrough.

The choice of thermocouple depends on the sample being studied. Due to the high
temperatures required for removal of oxygen from the Ru surface, a type C thermocouple will be
used in these studies. The type C thermocouple wires are connected to the corresponding pair of
wires running along the stainless steel shaft with tiny nuts and bolts. As indicated previously,
there are two pairs of thermocouple wires encased in the ceramic tubing running alone the
stainless steel tube. In order to monitor the temperature of the sample (and hence the internal
temperature of the chamber) during the bakeout process, the type K thermocouple wires are used.
The type C thermocouple can not be used to record the temperature during the bakeout process
as the calibration is only valid when the tube is filled with liquid nitrogen and the manifold is

cold. The type K thermocouple wires located at the base of the shaft are carefully immobilized
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by tying them to the base of the shaft with tantalum wire. It is critical to make sure that both
type K thermocouple wires are actually touching the shaft/coldfinger (as they are not connected
together) or it will be impossible to read the internal temperature during the bakeout process.
The bolt and nut thermocouple connections are electrically insulated from the grounded steel
shaft, copper cold finger, and grounded parts of the sample holder using fiber glass sleeves. At
the bottom of the sample holder the larger (0.010”") thermocouple wires are connected to 0.003”
thermocouple wires which are ultimately spot-welded to the rim of the single crystal. The small
coil in the middle of the 0.003” thermocouple wire gives the tiny thermocouple wires increased
flexibility and significantly reduces the chance of breaking the weld between the thermocouples
and the rim of the crystal from mechanical stress during the mounting process. The coil also
serves to reduce the heat transfer through the thermocouple wires thus making the temperature
measurements more accurate.

It is imperative that a specific welding sequence be followed in order to successfully
mount the single crystal to the sample holder. Initially the small, coiled thermocouple wires are
welded together and the resulting weld is carefully inspected. The welded thermocouple
assembly is then spot-welded to the crystal. The goal is to weld the actual junction of the two
thermocouple wires to the crystal to reduce the risk of inaccuracies in the temperature
measurements. A successful weld will be able to support the weight of the suspended single
crystal prior to welding the crystal to the rigid tungsten heating wires. The two W-wires are then
simultaneously welded to the edges of the single crystal. This is the most critical step in the
assembly process as the quality of the welds of the heating wires to the crystal determines the
overall efficiency of the heating and cooling processes. The final step in the assembly process is

to weld the 0.003” thermocouple wires to the 0.010” thermocouple wires on the sample holder.
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The completed sample holder is then carefully installed in the chamber and after making
all of the necessary electrical connections it is absolutely critical to ensure that there is no contact
of the sample/thermocouple wires/power leads to any grounded part of the chamber. If there is
any connection to ground then it would impossible to apply an electrical bias to the crystal

during the TPD process or for electron bombardment of the sample.

24  GAS HANDLING AND DOSING

2.4.1 Gas Handling Line

The external gas handling line was used to dose various gases into the UHV chamber and was

described in detail previously [134,137] and is shown in its modified form in Figure 25.
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Figure 25: Gas handling line. Modified from Ref. [134].

The line is constructed of stainless steel tubing separated into sections by all metal
bellows sealed Nupro valves. The gas line can be pumped by a either a dedicated 40 L/s
turbomolecular pump (Pfeiffer-Balzers, TPU-040A) or by the 360 L/s turbomolecular pump
typically used to pump the main UHV chamber. The line can be baked to 150-200°C with
heating tapes while being pumped with either of the turbo pumps. Baking of the gas line for
roughly 24 hours eliminates much of the contamination from the various reactive gases that had
adsorbed on the internal walls of the stainless steel tubing resulting in a base pressure in the gas
line of at least 1 x 107 mbar and measured with the ion gauge.

Up to six glass storage bulbs can be conveniently connected to the gas line through the
ports using '4” Cajon face-seal fittings and a small copper gasket. The gases are stored at

pressures < 760 torr in order to prevent an accidental over-pressurization of the gas line. Using
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one of three Baratrons (10 torr, 100 torr, and 1000 torr), the line can be controllably and
reproducibly pressurized to 0.01 — 1000 torr.

The total volume of the gas line as well as the volume of each of the individual sections
was determined by a series of gas expansions of an inert gas (either N, or Ar). The pressure was
recorded following each expansion and the volume was determined using the relationship of
P,V, =P,V for an ideal gas. A calibrated glass bulb with a known volume of 108.46 + 0.11 cm’
was used as a reference for determining the volumes with a precision of about 1.5 % in the
volume measurements.

The gas line is connected by two separate routes to the UHV chamber by means of an all
metal variable flow leak dosing valve (for back filling) or a capillary array molecular beam
doser. The actual method of gas exposure used depends on the pressure needed to achieve the

desired exposure as well as on the vapor pressure of the solid or liquid source.

2.4.2 Variable Leak Doser

Backfilling the chamber to a certain pressure for a desired amount of time is the most uniform
method of exposing an adsorbate gas to the sample surface. The exposure, €, (per cm?) can then

be calculated as

f=—— ¢ 2.1)

where P is the gas pressure, m is the absolute molecular mass, k is Boltzmann’s constant, T is the

absolute temperature, and t is the exposure time.
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An all-metal precision leak valve which connects the gas line to the chamber was used to
backfill the chamber. During backfilling, the chamber was pumped exclusively with the turbo
pump to avoid excessive regurgitation of spurious gases from the ion pump.

If the gas of interest originates from a solid or liquid source with a very low vapor
pressure at room temperature or when high exposures requiring high pressures (107 to 10” mbar)
are needed, then backfilling the chamber is the preferred method of gas exposure in order to
reduce the exposure time. Backfilling results in the adsorption of gas on the entire surface of the
sample, including the rim and back side, making quantitative desorption measurements
inaccurate. During backfilling various impurities are displaced from the chamber walls and can
subsequently adsorb on the crystal surface, thus affecting the quality of the measurements.
Exposing the UHV chamber to high pressures can often result in difficulty in recovering the ultra

high vacuum conditions following the exposure of the adsorbate.

2.4.3 Molecular Beam Doser

Because of the numerous disadvantages associated with backfilling the chamber, a
microcapillary array molecular beam doser can be used for the delivery of the gas adsorbates
instead [134]. The molecular beam doser, which is either comparable to or slightly larger than
the sample target, is designed to create a semi-collimated gas beam. The molecular beam doser
must be absolutely calibrated for the accurate and reproducible delivery of adsorbates to the
surface. Additional information regarding the molecular beam doser including the actual

construction as well as the method of calibration is discussed in detail in Appendix A.
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2.4.4 Delivery of Adsorbates

An absolutely calibrated capillary array molecular beam doser was used to deliver the adsorbates
to the Ru single crystal in all of the experiments reported in this thesis unless otherwise
mentioned. All of the following gases were used without further purification unless otherwise
mentioned: '*C'°O(g) (AGA Specialty, 99.999% purity ); *C"*0(g) (CIL, 99% *C, 95% '"*O
purity); 'H, (Valley National Gases, 99.9995% purity); '°0a(g) (BOC gases, 99.999% purity);
“Ny(g) (BOC Edwards, 99.9999% purity); and '"N(g) (CIL, 98 % isotopic purity). The
coverages (Ox) of all adsorbates are reported relative to the available Ru surface atoms (1.57 x

10" em™ for Ru(001) and 1.37 x 10" cm™ for Ru(109)).

2.5 SINGLE CRYSTAL PREPARATION AND CHARACTERIZATION

Ru has a close packed crystal structure of the hexagonal (hcp) type, in which the hexagonally
close packed layers of atoms are stacked in an ABAB order. In the experiments reported here
two different Ru single crystals were used: an atomically stepped Ru(109) single crystal surface

and an atomically smooth Ru(001) single crystal surface.

2.5.1 Ru(109)

The first sample was a Ru(109) single crystal (diameter ~ 10 mm) prepared by ESCETE Single
Crystal Technology B.V. The crystal was oriented, cut and, polished 11.46° from the <001>

direction toward the <100> direction. The Ru(109) surface is composed of periodic close-
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packed (001) terraces of 9 atomic row width (22 A) separated by double height atom steps of

(101) orientation as seen in Figure 26.

Figure 26: Atomic arrangement of the Ru(109) stepped surface.

A detailed characterization of the single crystal was achieved by means of low energy
electron diffraction (LEED) and the results are reported in detail by Zubkov et al. [42]. It was
initially thought that when the crystal was cut it would consist of five atom wide terraces
interrupted by single height steps of alternating three-fold and four-fold symmetry as indicated in
Figure 27. It was found that after a LEED analysis of the surface of the crystal that the surface
had reconstructed upon annealing to form a surface with 9 atom wide terraces separated by
double height steps. An energy dependent LEED investigation using an electron beam energy in
the range of 50 - 300 eV was performed in order to determine the structure of the surface [42].
The resulting patterns were stacked in 1 eV increments in the beam energy. The experimental
LEED results were compared to kinematic LEED simulations and it was subsequently

determined that the crystal structure was as shown in Figure 26 [42].
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Figure 27: Structure of the unreconstructed Ru(109) surface.

2.52 Ru(001)

The second sample was a Ru(001) atomically smooth single crystal surface. The Ru(001) single
crystal (diameter =~ 13 mm), also obtained from the same supplier, was oriented and
mechanically polished within 0.5° as measured by Laue X-ray diffraction, yielding an overall
random step density of < 0.5% of the available surface sites based on the miscut angle. The

structure of the Ru(001) surface is shown in Figure 28.

Figure 28: Atomic arrangement of the atomically smooth Ru(001) surface.
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2.5.3 Crystal Preparation

Auger Electron Spectroscopy initially indicated that the Ru surfaces were heavily contaminated
with Ca, Si, S, O, and very large amounts of C such that the Ru signal was not even observed in
the AES spectrum. The non-volatile impurities (Ca, Si, and some C) can be removed initially by
extensive Ar' ion sputtering. Additionally, it has been reported that the Ru surface can be heated
between 500 and 1500 K in an O, atmosphere (107-10* mbar) in order to oxidize and remove
sulfur [138] as well as carbon from the surface [95,139,140]. The final procedure involves the
removal of oxygen by heating in an H, atmosphere [95], or more frequently annealing the sample
repeatedly to 1500-1550 K in UHV [95,139-143]. In previous reports, a chromel-alumel
thermocouple was used to monitor the temperature of the crystal. The type K thermocouple is
prone to degradation and melting above 1500 K and therefore when using the type K
thermocouple, multiple annealing cycles were necessary to remove the adsorbed oxygen from
the Ru surface. It is preferred that the oxygen be removed from the surface in a single annealing
cycle by briefly heating to 1700 K, which can be achieved by using the type C (W-5%Re and W-
26%Re) thermocouple [141].

Throughout the entire cleaning procedure, the Ru samples were monitored by Auger
spectroscopy. The two samples were initially cleaned by extensive Ar” ion sputtering (In. ~ 1
HA, ~24 hours, 1000-1500 eV, room temperature) followed by a series of alternating cycles of
sputtering (~ 5-6 hours, 600 eV, room temperature) and annealing in an O, beam (~5-6 x 10"
molecules/cm” s) at 1200 K. During annealing of the samples, impurities present in the bulk will
migrate to the surface, facilitating the need for a series of sputtering/cleaning cycles. Ca and Si,
as well as the majority of C contamination were removed after the initial sputtering and

annealing cycles. Additional oxygen treatments were necessary to remove the remaining carbon
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from the surface. The Ru samples were annealed at 1200 K in an oxygen flux (~5-6 x 10"
molecules/cm” s) for 30 minutes. The adsorbed oxygen was easily removed by a brief annealing
(~60 seconds) to ~ 1700 K, achieved by resistive heating. During the final annealing, the
pressure in the UHV chamber did not typically exceed 6 x 10" mbar, thereby insuring that
minimal contamination will occur on the surface. In order to maintain the contamination at a
level below 1 % of the available Ru surface atoms, the pressure in the chamber must remain at
this level for less than ~ 70 seconds for impurity molecules with a sticking coefficient of unity.
At 1700 K the sticking coefficient is significantly lower than unity and therefore the
contamination level will be much less than 1 % resulting in an atomically clean single crystal
surface. It took roughly 10-15 oxygen cleaning/annealing cycles before the Ru crystals exhibited

a clean Auger spectrum (see Figure 29).
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Auger Electron Spectrum of the Clean Ru(109) Single Crystal
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Figure 29: Auger electron spectrum of the clean Ru(109) crystal. The electron excitation energy = 2000 eV.
Common impurities, if present, would exhibit their Auger transitions at the energies indicated. The region
between 240 and 260 eV is magnified by a factor of 1.5 in the inset to show the absence of the carbidic carbon
transition at 251 eV [144].

The AES spectrum clearly indicates the absence of the most common impurities, sulfur,
silicon, and oxygen. One of the problems associated with the use of Ru, other than the difficulty
in obtaining an atomically clean surface due to the high desorption temperature of O, from the
Ru surface, is the fact that the Auger signals of C and Ru overlap significantly at 272-273 eV.
This overlap makes it difficult to immediately verify the presence or absence of carbon on the Ru
surface and additional analysis is needed. Carbidic carbon exhibits an Auger peak at 251 eV on
the ruthenium surface [144] and the insert in Figure 29 shows this region enlarged to show the
absence of such a carbon signal. Graphitic carbon does not exhibit Auger features at 251 eV and
therefore can be easily overlooked. Because of the overlap of the C and Ru features it is

necessary to carefully examine the symmetry and ratios of the Ru 273 eV and Ru 231 eV Auger
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peaks. As the amount of carbon decreases (due to cleaning) on the Ru surface, the peak to peak
intensity ratio of the 273 eV peak to the 231 eV peak will decrease due to the fact that the 273
eV peak will have contributions from the carbon and the 231 eV peak is solely from the Ru.
Typically the ratio of the 273 eV peak to the 231 eV peak has been reported in the range of 1.57-
2.6 for different clean Ru crystals [145-147]. This is a rather large range of values and therefore
this ratio alone can not be used to accurately monitor the cleanliness of the samples.

An additional criterion for the cleanliness of the Ru surface is the ratio of the negative to
positive parts of the 273 eV peak. This ratio changes dramatically in the presence of carbon as
the C Auger feature is dominated by the negative part, with an intensity ratio of the negative to
the positive part of > 4 [148]. The Ru signal is characterized by a more symmetrical ratio (273-
/2734) in the range of 1.3-1.39 [145-147]. As the surface carbon is removed, this ratio
decreases.

During the various stages of cleaning of the Ru surfaces, the two ratios of interest change
accordingly. A plot of how the ratios change for the Ru(109) surface is shown in Figure 30. The
most significant change in the Auger ratios occurs after the extensive initial sputtering and 10
cycles of oxygen cleaning. The surface is then very near to its final condition and repeated
cycles of O, cleaning do not result in considerable changes in the Auger spectrum; however
additional annealing cycles are necessary to achieve reproducible experimental behavior of the
Ru(109) and Ru(001) surfaces following the sputtering. The spectrum of the clean Ru(109)
surface contains a fairly symmetric (273-/273+) intensity ratio of 1.33, which is in perfect
agreement with other Ru surfaces reported. Similarly, we have found that the clean Ru(001)
single crystal surface exhibits a 273-/273+ ratio of 1.23, slightly lower than previously reported.

The less stringent ratio of Ru(273)/Ru(231) is determined to be 2.67 on the clean Ru(109) and
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2.73 on the clean Ru(001) surface, both of which are slightly higher than the values reported in
the literature. This parameter should not be used to determine the surface cleanliness given the

wide scatter of the previously reported values.
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Figure 30: The changes in the (273/231) and (273-/273+) peak intensity ratios in the Auger spectrum of the
Ru(109) surface at the different stages of cleaning. The right panel shows the corresponding values reported
in the literature for clean Ru(109) [146], Ru(110) [145], and Ru(101) [147].

2.6 INFRARED REFLECTANCE ABSORBANCE SPECTROSCOPY

2.6.1 Theory of IRAS

Infrared reflection absorption spectroscopy (IRAS), or reflection absorption infrared
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spectroscopy (RAIRS) as it is sometimes termed, is used to perform vibrational spectroscopy of
adsorbed molecules in submonolayer quantities on well-defined single crystal metal surfaces.
Pickering and Eckstrom [149] were the first to report results using reflection IR to record spectra
from an adsorbed layer of CO on thin metal films. These primitive measurements contained a
substantial amount of noise and do not even come close to comparing to the quality of the
measurements presented in this thesis.

The interaction of the infrared radiation with the adsorbed layer on the surface depends
significantly on the optical properties of the substrate, as metal substrates behave substantially
different than semiconductor substrates. The polarization of the incoming radiation determines
how the light will interact with the metal surface. When electromagnetic radiation strikes a
metal surface, the electric field can be separated into two components, one in the plane of
incidence (p-component) and another perpendicular to the plane of incidence (s-component).

This is illustrated in Figure 31.
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Figure 31: Electric vectors of the s- and p- polarized components of radiation incident on a metal surface.
From ref. [150]. Reprinted with permission from Elsevier, Copyright 1994.

The s-polarized infrared radiation will be phase shifted about 180° after reflection and the

amplitude of the reflected radiation is almost the same as the incident radiation. There is almost
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complete cancellation of the two fields occurring in the vicinity of the surface and therefore the
s-component is very small and is not absorbed by the adlayer. There is also a change in the
phase of the p-component upon reflection but the change depends strongly on the angle of
incidence. The p-component can also be separated into two components. There is a component
that is parallel to the surface and there is a component perpendicular to the surface. The parallel
components of the incident and reflected beam are in opposite directions and therefore the main
effective component of the IRAS measurement is the Ep;. As can be seen from Figure 32a, the
perpendicular component is largest when the angle of incidence is close to grazing incidence
between 85-90°. The intensity of the absorption is determined by the surface intensity function,
Ep” sec o, is also largest when the angle of incidence approaches grazing incidence as can be

seen in Figure 32b.
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Figure 32: (a) (Left) Surface electric field components as a function of the angle of incidence and (b) (Right)
Surface relative absorption intensity function, E;’ sec o, for the perpendicular component of Ep as a function
of the angle of incidence. From ref. [150]. Reprinted with permission from Elsevier, Copyright 1994.

For an IRAS experiment the following conditions are of critical importance [151]:
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(1) The incident light should have a component that is p-polarized (i.e., parallel to the
plane of incidence) as the adlayer will only absorb p-polarized radiation. Therefore only
vibrations with a dynamic dipole component that is perpendicular to the surface will be excited.
This is termed the so called metal selection rule.

(2) In order to maximize the absorption the incident light should be p-polarized as the s-
component is not absorbed by the adlayer.

(3) The incident light should reflect from the surface at near grazing incidence (~85°)

In addition to the above conditions, spectral information is collected by means of a single

reflection from the surface of the crystal on most transition metal surfaces.

2.6.2 Infrared Reflection Absorption Spectrometer

The infrared reflection-absorption spectra were obtained by means of a Mattson-Cygnus 100
FTIR spectrometer upgraded to model 4236 with Galaxy 7020 Firmware. It has a water-cooled
globar source, a KBr Michelson beam splitter, a He-Ne laser for calibration of the moving mirror
system, a system of flat and parabolic mirrors, as well as an IR plane polarizer in the focus of the
IR beam. The double beam optical bench is shown in Figure 33 and is described in detail
elsewhere [152]. The infrared beam is directed into the external optical bench and then splits
into two parts: one beam travels through the reference cell while the second beam passes through
the sample cell which contains the Ru sample. Each beam can be operated independently
through the use of electrically controlled shutters. A liquid nitrogen cooled narrow band
HgCdTe (MCT) detector allows collecting the data in the spectral region of 700-4000 cm™. The
spectrometer and the external optical bench are continuously purged with dry nitrogen to avoid
significant atmospheric IR absorption (due to CO, and H,O). The infrared radiation was p-
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polarized with respect to the surface of the crystal and spectra were collected using either 4 cm’™

or 2 cm™ resolution averaged over 1500-2000 scans.
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Figure 33: Optical arrangement of the double beam FTIR reflection absorption spectrometer

The double beam feature helps to compensate for fluctuations in source intensity,
detector responsivity, and composition of the purging gas. It also allows for the acquisition of IR
spectra at higher ambient pressures of gases in the chamber as the spectral contribution due to the
gas phase absorption can be cancelled almost completely. The path length through the two cells
is not exactly the same, such that complete cancellation does not occur. In the traditional single
beam measurements, the background spectrum signal is S; and the adsorbate spectrum signal is
S,, and the absorbance spectrum for the adsorbate is defined as log(S,/S;). In the double beam
configuration, the background absorbance spectrum can be recorded as log(S;/R;), where S; and
R, are the background spectral intensity measured from the sample beam and reference beam,

respectively. The adsorbate spectrum is recorded as log(S,/R;). The difference absorbance
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spectrum is obtained by subtracting the background absorption spectrum from the adsorbate

absorption spectrum:

S R S
A —A =log—2—"L =log—~ —log—- 2.2
s — A =log g g (2.2)

In Eq. 2.2, the term R,/R; produces a cancellation of all changes in the environment during the

period of taking the two spectra.

2.7 ALKALI METAL ADSORPTION METHODS

The Li was deposited by means of a commercial Li getter source (SAES Getters Inc.) installed in
a homemade shielded evaporator. A schematic of the evaporation source is shown in Figure 34.
The alkali metal dispenser is a compact source of alkali metals which utilizes a powdered
mixture of an alkali metal chromate, Li,CrO4, with a reducing agent. The reducing agent is the
well known St(101) getter material (Zr 84% -Al 16%), which is able to irreversibly sorb almost
all chemically active gases produced during the reduction reaction. The sorption of gases

prevents the contamination of the alkali metal vapor.
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Li Evaporation Source

a)
St Rotatable shutter

Vented shield
Stainless steel disk
for separation of

s i feedthrough wires

upport ro
for stainless: fSl-IlJl-;'i]Ol'tt1 rod
steel disk or shutter

Figure 34: (a) Schematic of Li evaporation source and (b) Li evaporation source.

In order to release the alkali metal, the dispenser must be heated to a suitable temperature
under vacuum. The Li evaporates from the source between 550 and 850°C and the higher the
operating temperature, the higher the evaporation rate. A rough correlation between the
temperature and the current is shown in Figure 35. The overall oxidation reduction equations are

shown in Figure 36.
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Figure 35: Temperature/current curves for alkali metal dispensers.
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Figure 36: Redox reaction - using Zr or Al. From Ref. [153].
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The source is equipped with a shutter for the accurate and reproducible delivery of Li to
the substrate. The Li getter source was spot-welded to two 0.015” tungsten loops that can be
thoroughly outgassed separately from the source [154]. The Li source was outgassed until the
background level of CO reached a minimum level. The W-loops were connected to a
feedthrough flange via Ni extension rods welded to the feedthrough wires. A constant
evaporation rate of about 0.05 ML/min to 0.10 ML/min was employed. During evaporation, the
impurity CO partial pressure was monitored by the QMS and was maintained at the base CO
partial pressure level. The Li coverage was calculated from the Li desorption area from the Li-
TPD trace in the region between 500 K and 1100 K such that 1 ML corresponds to the Li
coverage that completes the first layer (See Section 7.4). Multilayer desorption is characterized
by a desorption feature developing around 550 K [155,156]. All Li coverages (0y;) are presented
relative to the available surface Ru atoms (1.37 x 10" cm™ for Ru(109) and 1.57 x 10" cm™ for
Ru(001)). It has previously been determined that on Ru(001), the saturation of the monolayer Li
thermal desorption feature corresponds to 0.76 Li/Ru [155]. By comparison of the Li TPD
spectra on Ru(001) to Li on Ru(109), the saturation monolayer coverage of Li corresponds to

0.86 Li atoms/Ru.

2.8 KELVIN PROBE AND WORK FUNCTION MEASUREMENTS

The Kelvin probe is a non-contact, non-destructive, and extremely sensitive measurement device
used to investigate properties of materials [157]. It measures changes in the contact potential
difference between a reference material and a sample. The essence of the contact potential

difference is the difference in the Fermi levels, and hence the work functions, of the two
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materials. The Kelvin probe is a non-invasive technique that is extremely sensitive to changes in
the top most atomic layers, such as those caused by adsorption, deposition, and atomic
displacement [158].

It is well known that when the surfaces of two dissimilar conductors are placed in
electrical contact, a potential is generated between the surfaces of the materials. This was first
discovered in the early 1900s by Sir William Thomson, also known as Lord Kelvin [159]. The
work function is the amount of energy needed to remove electrons from a material’s surface to
infinity, which is described as the area outside of the electric field created by the image charge.
The use of the contact potential difference in order to determine the change in the work function
is the most commonly used, as well as the most accurate, method to determine the work function
change [160]. In other words, the work function, ¢, is defined as

$=E,. —E; (2.3)
where Er is known as the Fermi energy, which is the energy of the highest occupied electronic
state at 0 K, and E,, is defined as the vacuum energy, which is the energy of a material and an
electron at infinite separation [117]. As early as 1916, the term “work function” was first used
by Lester, even though the concept of work function had been around for several years in the
writings of Langmuir and Richardson [161].

For metals, the value of the work function ranges from 2-5 eV and is attributed to the sum
of two contributing factors. The first factor arises from the difference between the chemical
potential of an electron located in the bulk of the metal and one which is located above the
surface of the metal in the absence of other electrons. The electronic chemical potential is a
measure of the escaping tendency of electrons from a material in its ground state. Secondly,

electrostatic effects at the surface, which vary with the crystalline structure of the surface, have a
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significant effect on the value of the work function [162]. This electrostatic effect arises from
the fact that the interior electron cloud of the metal does not immediately cease at the surface of
the metal. The gradual decay of the electron cloud results in a spill-over effect in which there is
a deficiency of electrons at the surface of the metal. This results in a dipole layer at the surface
of the metal whose field acts on the electrons that are emitted. The potential associated with this
spill-over effect is included in the value of the work function and decays as 1/*. The
electrostatic contributions to the work function therefore decrease with increasing distance from
the surface. On an atomically rough surface, there is an additional spill-over effect of the
electrons. The electrons flow into the low-lying regions of the surface, subsequently smoothing
out the sharp edges of the step sites along the surface [163]. The spill-over of electrons at the
step sites results in the formation of an electrostatic dipole which is oriented opposite to the
dipole associated with the spill-over of the electron cloud. The presence of the step sites on the
surface therefore causes a reduction in the net dipole compared to the atomically smooth surface.

Not only is the value of the work function dependent on the surface structure, but it also
influenced by the adsorption of atoms and molecules on the surface. The adsorption of atomic or
molecular species results in changes to the electronic charges on the surface [164]. The
adsorption of molecules on the surface results in the formation of additional dipoles on the
surface due to the shifting of charge from the substrate to the adsorbed atom or molecule. The
redistribution of charge results in changes in the work function as follows:

Ap=27PN 0, (2.4)

where P; is the dipole moment that is associated with each adsorbed particle, Ny is the maximum

number of adsorption sites per unit area, and 0 is the fraction of filled adsorption sites [165].
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Electrons will flow from the material with the lower work function to the material with
the higher work function when two materials with different Fermi levels, and hence work
functions, are placed in electrical contact with each other [159]. Several electron energy
diagrams for two conducting species are illustrated in Figure 37. The Fermi levels, €; and &,
and work functions, ¢, and ¢,, of the two materials when not in contact with each other are
illustrated in Figure 37a. When the two conductive materials are brought into electrical contact
with each other, their respective Fermi levels equalize and a potential gradient, termed the
contact potential, is produced from the flow of charge between the electrodes. This subsequently
causes the two surfaces to become equally and oppositely charged as indicated in Figure 37b.
The material with the smaller work function will charge positively, while the material with the
larger work function will become negatively charged. The transfer of electrons stops once the
electric field between the two conductors compensates for the difference in the work function.
The potential associated with this electric field is exactly equal to the difference in the work
functions of the materials. It is possible to bias one electrode with respect to the other electrode

through the use of a variable backing potential as indicated in Figure 37c.
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Figure 37: Electron energy diagrams of two different metals a) without contact, b) with external electrical
contact, and c) with inclusion of the backing potential, Vy,. ¢, and ¢, are the work functions of the materials
and g; and g, are the respective Fermi levels. Modified from Ref. [166].
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The above method can be used to measure the work function difference of the two
materials simply by measuring the resulting flow of charge when the two conductors are placed
in electrical contact (Figure 37b). This method, although convenient, only produces a single
measurement and therefore the surface charges must be dissipated prior to making an additional
measurement. This problem can be overcome through the use of a vibrating reference electrode,
which forms a parallel plate capacitor. The varying capacitance produced by the vibrating probe

allows for the renewal of charge as given by the following equation:
c=2- % 2.5)

where C is the capacitance, Q is the charge, V is the potential, gy is the permittivity of the
dielectric, A is the surface area of the capacitor, and d is the separation distance between the
plates. As the separation distance, d, increases between the probe and the sample surface, the
capacitance decreases and as the charge remains constant, the voltage must increase accordingly
[159].

The varying capacitance with time is given by:

,_do _vdc
dt i

(2.6)

and thus the derivative of the charge becomes a measurable AC current, defined as i [167]. In
the Kelvin method of measuring the work function, the AC voltage produced by the vibrating
electrode can be adjusted to zero by a variable DC voltage. When the AC voltage is zero, the
surface potential is equal and opposite of the applied DC voltage. A lock-in amplifier is used to
monitor the current generated by the oscillation of the reference electrode [158]. The current

changes as the distance between the surfaces changes to maintain the electric field between the

surfaces.
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The Kelvin probe is a technique for measuring work function differences, rather than an
absolute technique, and is capable of approximately 1 mV resolution. In order to determine the
absolute work function of a sample, the work function of the electrode must therefore be known
[159]. The Kelvin probe used in these studies is mounted on a linear transfer mechanism for
positioning of the gold reference electrode very close to the crystal surface and is shown in
Figure 38. The vibration of the gold electrode is piezoelectrically driven. Certain materials
possess the ability to change shape when an electric field is applied to the material. The
oscillation of this applied voltage causes the material, a reed which is connected to the gold
electrode, to vibrate. The small screw above the gold electrode is used to accurately and
reproducibly position the gold electrode relative to the surface of the single crystal surface. This
is absolutely critical in order to obtain reproducible work function measurements [158]. This
method of using a vibrating capacitor to measure the contact potential difference is advantageous
in that the surfaces do not need to touch each other. Only very weak electrical fields are needed
and therefore are not likely to influence the electrical or chemical structure of the single crystal

or the adsorbates.
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Figure 38: Kelvin probe assembly mounted on a linear transfer mechanism.
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2.9 TEMPERATURE PROGRAMMED DESORPTION (TPD) MEASUREMENTS

Thermal Desorption Spectroscopy (TDS), or temperature programmed desorption (TPD) as it is
often referred, is one of the earliest and most often used methods of surface science to investigate
adsorbates on surfaces.

In a typical TPD measurement, the sample that contains a particular adsorbate is heated at
a programmable rate (which is usually linear and constant) while the chamber is being pumped
efficiently. Redhead [168] was the first investigator to use a slow linear heating rate to show
how a thermal desorption spectrum could be used for the determination of the surface desorption
kinetics. A linear heating rate is used so that the plot of the temperature versus time is linear,
making it possible to determine the activation energy of desorption. The information that can be
obtained from the desorption spectra include (1) the number of the various desorbing phases and
the corresponding population of each phase; (2) the activation energies of desorption of the
various phases; and (3) the order of the desorption reaction. The desorption of the adsorbed
species can be detected in a general sense by the change in the pressure in the chamber as
measured by an ion gauge. This method will not provide information as to the composition of
the desorbing species and does not discriminate against background gases in the chamber. A
better method of detection is to use a quadrupole mass spectrometer (QMS) which is capable of
mass selectively measuring the pressure rise.

The Polanyi-Wigner equation describes the rate of a particular chemical process. In this
case we are interested in the overall rate of desorption, r4s. The most general form (Arrhenius)
of the equation shows that the overall rate of desorption 7 is directly related to the surface

coverage of a particular adsorbate, N, and the temperature of the substrate, T
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rdes — _(dd_];]j — kmNme—EdeS/RT (27)

where £, is the preexponential factor of the chemical process of order m and Eg; is the activation
energy of the desorption process. For a first order reaction, where no interactions occur between
surface species, the particles desorb independently of each other. In a second order desorption
process the particles must combine prior to desorption from the surface.

It is possible to use the overall pressure change, AP, during desorption as a means of
determining the surface kinetics when the rate at which species desorb from the walls as well as

the overall pumping speed of the chamber, S, is constant, as indicated by the following equation:

dAP _ kT4 (_ dN] _ SAP 2.8)

a v\ dar) v

where V' is the volume of the chamber and A4y is the sample surface area [117]. The rate of

desorption can then be determined as follows by combining equations 2.7 and 2.8.

dm:[ 14 ]dAP SAP 2.9)

+
kTA; ) dt — kTAq

In the limit of high pumping speeds as is the case in most UHV experimental situations the first
term on the right side of equation 2.9 becomes negligible and therefore

_sap
des kT AS

(2.10)

Equation 2.10 shows that the rate of desorption is directly proportional to the change in
pressure when the desorption rate is much lower than the pumping speed of the chamber [117].
The position and shape of the desorption peak contains information about the various kinetic

parameters that affect the rate, such as the preexponential factor as well as the desorption energy.
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A shielded quadrupole mass spectrometer (QMS) (UTI 100C) with an electron multiplier
to amplify the current by a factor of ~ 10° was used for acquiring the thermal desorption spectra
of adsorbates from the Ru surface unless otherwise mentioned. The conical shaped shield has an
aperture of ~ 5 mm, whereas the diameter of the crystal is ~ 10 mm and ~13 mm for the Ru(109)
and Ru(001) single crystals, respectively, thus insuring that desorption from the front surface of
the crystal is mainly being sampled and not desorption from the W-leads or the back side of the
sample. The crystal was positioned approximately 4 mm from the aperture of the shield during
TPD with the face of the crystal perpendicular to the axis of the QMS. All TPD spectra were
recorded using a heating rate of 2.0 = 0.1 K/s. During the measurements the crystal was biased
at -100 V so as to prevent thermionically generated electrons from the emitter of the QMS from
reaching the crystal and possibly causing an electron stimulated process [44]. In all TPD spectra
of CO, only the signal from 28 amu (or 31 amu in the case of isotopic *C'*0) was recorded, but
it was possible to monitor up to 5 masses simultaneously by means of multiplexing. In all TPD
spectra of '*N,, the signals from 14 amu and 28 amu masses were recorded by means of QMS
multiplexing. A small background pressure of '“C'°0 was present in the chamber which
overlapped with the 28 amu signal from nitrogen and therefore the signal from 14 amu is used in
all of the TPD traces. The different cracking patterns for '*C'°0 and '*N, (CO: mass 28/mass 14
= 100/0.8; N»: Mass 28/Mass 14 = 100/14) enable one to quantitatively distinguish between CO
and N, desorption [169]. CO contamination during N, adsorption was maintained to < 1% of a

ML.
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2.10  TUNGSTEN COIL FOR HYDROGEN CRACKING

A tungsten coil mounted in the UHV chamber was used to dissociate molecular hydrogen to
create the energetic atomic hydrogen species. The %" outer diameter coil (0.010” wire, CM
Furnaces) was spot-welded by its legs to two 0.015” tungsten loops as indicated in Figure 39.
Small pieces of Ta-foil were sandwiched between the W-wires for a stronger tungsten-to-
tungsten weld, since it very difficult to weld tungsten to itself. The overall mechanical stability
of the weld is also enhanced by welding additional pieces on the outside of the W-W weld. The
W-loops were connected to a feedthrough flange via copper connectors and Ni extension rods.
The entire assembly was mounted on a linear transfer mechanism consisting of a welded bellows
allowing roughly 2” of linear motion for accurate positioning of the coil close to the front face of
the Ru sample. The tungsten loops can be outgassed separately thus minimizing outgassing

during the coil operation [154] and thereby reducing the overall contamination on the surface.

«<—0.010" W-coil

0.015" W-wire

Ni-wire

“——— Fe-wire to feedthrough

Figure 39: Mounting of the W-coil for creation of atomic hydrogen.
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3.0 THE FORMATION AND STABILITY OF ADSORBED FORMYL AS A

POSSIBLE INTERMEDIATE IN FISCHER TROPSCH CHEMISTRY ON RUTHENIUM

The information contained in this chapter is based on the following research publication:
Gregg A. Morgan, Jr., Dan C. Sorescu, Tykhon S. Zubkov, and John T. Yates, Jr., “The
Formation and Stability of Adsorbed Formyl as a Possible Intermediate in Fischer-Tropsch

Chemistry on Ruthenium” J. Phys. Chem. B. 108 (2004) 3614-3624.

3.1 ABSTRACT

Density functional theory has been used to study the formation and stabilization of the
chemisorbed formyl species, HCO, on the Ru(001) surface. It has been found that the n'-HCO
species, attached to a Ru atom by a single Ru-C bond is unstable, and that it will convert to more
strongly bound n*- and n>-HCO surface species. These more highly-coordinated species

decompose readily to produce H(a) and CO(a) via low activation energy reactions, indicating
that the observation of HCO(a) species in any bonding mode at temperatures above 90 K is
unlikely.  Additionally, we found that abstraction of H from HCO(a) upon atomic H
bombardment is another low-barrier reaction mechanism leading to the formation of adsorbed

CO and desorption of an H, molecule. Using a stepped Ru(109) surface, containing atomic steps
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periodically located every 22 A along the Ru(001) surface, we have bombarded chemisorbed CO
with atomic H at T< 170 K in an attempt to produce and spectroscopically observe adsorbed
HCO species by infrared reflection absorption spectroscopy. These experiments have been
unsuccessful, and instead we have observed the surface crowding of CO(a) by H(a) species, and
the displacement of CO(a) at high H(a) coverages. Both the experimental and theoretical results
support the conclusion that the formyl species can be easily dissociated on the Ru surface. These
studies throw into question previous measurements indicating that the interaction of atomic

hydrogen with CO is effective in producing stable adsorbed formyl species on Ru.

3.2 INTRODUCTION

The hydrogenation of CO adsorbed on metal surfaces has been widely investigated due to
its importance to the Fischer-Tropsch synthesis. Previous studies on the hydrogenation of CO
utilized molecular hydrogen and were performed at pressures up to one atmosphere on both a
clean Ru(001) substrate [170,171] as well as on a potassium promoted Ru(001) surface
[127,172,173]. Reaction products, as identified by vibrational spectroscopy, on the unpromoted
surface include CHy and C-C species, whereas the K-promoted surface exhibited vibrational
modes attributed to formyl as well as formate species.

Much work has been done on the coadsorption of CO and hydrogen in ultrahigh vacuum
conditions on metal surfaces such as Pt [174-176], Pd [177], Ni [175,178,179], Ru [93,180-184],
and Rh [185]. In all of these studies, it has been found that chemisorbed hydrogen, filling in the
surface after CO adsorption, pushes the CO into immiscible islands in which the local coverage

is elevated as a result of compression by the chemisorbed hydrogen. The first work, done on
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Rh(111) [185], showed that a p(2 x 2) CO structure was reversibly compressed into a V3 x V3 R
30° structure due to repulsive H...CO forces. Similar immiscibility between H(a) and CO(a)
occurs on the Ru(001) surface [182-184]. No reaction is observed between H(a) and CO(a)
under these conditions [186].

Mitchell and Weinberg [187-189] reported that atomic H could drive chemisorbed CO to
produce HCO(a) species at low temperatures on Ru(001). Their observations were made using
high resolution electron energy loss spectroscopy (HREELS). Both formyl and formaldehyde
surface species were reported to be formed. This reactivity observed was attributed to the high
chemical potential of atomic H compared to 1/2 Hx(g).

We performed density functional calculations to examine the stability of the HCO(a)
species in different bonding configurations, finding that decomposition to H(a) and CO(a) is
likely to occur rapidly at the temperature of the experiments. Additionally, we found that
abstraction of H from HCO(a) upon interaction with gas phase atomic H, resulting in the
formation of CO(a) and the desorption of Hy(g), is another possible HCO(a) decomposition
mechanism. We have also restudied the interaction of atomic H with CO(a) on the Ru(109)
surface (which combines 22 A wide Ru(001) terraces with stepped sites), finding that atomic H
does not produce observable C-O or C-H infrared modes characteristic of chemisorbed HCO or

H,CO.

3.3 THEORETICAL METHODS

The calculations performed in this study were done using the ab initio total-energy VASP code

[190-192]. This program evaluates the total energy of periodically repeating geometries based
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on density-functional theory and the pseudo potential approximation. In this case only the
valence electrons are represented explicitly in the calculations; the electron-ion interaction is
described by fully non-local optimized ultrasoft pseudo potentials similar to those introduced by
Vanderbilt [193] and provided by Kresse and Hafner [194]. Periodic boundary conditions are

used with the occupied electronic orbitals expanded in a plane-wave basis. The expansion
includes all plane waves whose kinetic energy n’k? /2m < E .yt where k is the wave vector, m

the electronic mass, and E.y is the chosen cutoff energy. A cutoff energy of 396 eV has been
employed in these studies. Electron smearing is employed via the Methfessel-Paxton technique
[195] with a smearing width 6=0.2 eV in order to minimize the errors in the Hellmann-Feynman
forces due to the entropic contribution to the electronic free energy. All energies are
extrapolated to o=0.

Calculations were performed using spin-polarized generalized gradient approximation
(GGA) density functional theory using the PW91 exchange-correlation functional [196]. The
minimization of the electronic free energy was performed using an efficient iterative matrix-
diagonalization routine based on a sequential band-by-band residuum minimization method
(RMM) [190,191] or alternatively, based on preconditioned band-by-band conjugate-gradient
(CG) minimization [197]. The optimization of different atomic configurations was performed
based on a conjugate-gradient minimization of the total energy.

The surface model used in this study consists of a supercell with 3x3 surface units
containing a four-layer slab. A vacuum width of about 10 A has been chosen to separate
neighbor slabs. The total number of Ru atoms in this model is 36. In calculations of molecular
adsorption on the surface we have relaxed all atomic positions of the molecule as well as the Ru

atoms positioned in the first layer of the slab. The k-points sampling was generated based on
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the Monkhorst-Pack scheme [198] with a 3x3x1 mesh. Minimum energy paths between different
minima were optimized by use of the nudged elastic band (NEB) method of Jonsson and co-
workers [199,200]. In this approach, the reaction path is "discretized", with the discrete
configurations, or images, between minima being connected by elastic springs to prevent the
images from sliding to the minima in the optimization. Further checks of the convergence of the
NEB calculations have been done by additional calculations in which the images corresponding

to the transition state have been optimized using a quasi-Newton algorithm.

34 THEORETICAL RESULTS

3.4.1 Methods Testing for Bulk Ru and Isolated HCO Molecule

Preliminary calculations to benchmark the accuracy of our DFT calculations have indicated that
very good agreement is obtained for the prediction of bulk equilibrium crystallographic
parameters. For example, from minimizations of the total energy of Ru(001) with respect to the
volume of the unit cell within the experimental determined P6;/mmc hexagonal space group
symmetry, we have obtained the equilibrium lattice constants of a=2.729 A and c¢=4.318 A
(c/a=1.5822). These values are within 0.8% from the corresponding experimental numbers of
Aexp= 2.7058 A and cexp=4.2816 A (Cexp/aexy=1.5824) [201].

An equally good representation has been observed for the geometric parameters of the
isolated formyl radical. Based on optimizations of the isolated formyl radical in a cubic box of
12x12x12 A® we have determined the following equilibrium bond lengths, r(C-0)=1.189 A, r(C-

H)=1.128 A and the bond angle O(H-C-O)=124.5°. These values are in close agreement (within
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1.1%) with the experimental values rexy(C-O)=1.175 A, rexp (C-H)=1.119 A, and 0e, (H-C-
0)=124.4° reported by Hirota [202]. Consequently, the good agreement of our results for both
bulk Ru and for isolated formyl molecular species made us confident to proceed to the next step;

i.e. the investigation of molecular adsorption of HCO on the Ru(001) surface.

3.4.2 HCO adsorption on Ru(001)

The adsorption of the formyl radical on the Ru(001) surface has been examined for several
different bonding configurations of this radical relative to the surface. For each configuration
studied, the adsorption energy was determined according to the expression
Eads=Emolec T Estab - E(molec+slab)s (3.1)

where Enoec 18 the energy of the adsorbate species, Eq,p is the total energy of the slab in the
absence of the adsorbate, Emolcctsiab) 15 the total energy of the adsorbate/slab system. A positive
E.4s corresponds to a stable adsorbate/slab system. The energy of the isolated adsorbate has been
determined from calculations in a large simulation box of dimensions 12.0x12.0x12.0 A* and
includes spin polarization corrections. The same Brillouin-zone sampling has been used to
calculate the energies of the bare slab and of the adsorbate-slab systems.

Mitchell et al. [187-189] have suggested that exposing gas-phase atomic hydrogen to a
saturated CO overlayer at 100 K on the Ru(001) surface will lead to formation of n' and n*

formyl species similar to those depicted in Figure 40a and Figure 40b.
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Various Adsorption Configurations of Formyl Species on Ru(001)
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Figure 40: Pictorial view of the different adsorption configurations of the formyl radical on the Ru(001)
surface considered in this study: (a) n'(C)-HCO; (b) n*(C,0)-HCO; (c) n°(C,C,0)-HCO; d) tilted n*(C,C,C)-
HCO; e) tilted n'(C)-HCO. Only the n*(C)-HCO and 1*(C,0)-HCO have been identified as having a stable
local minima. The other configurations correspond to saddle points on the potential surface.

Upon annealing to 180 K, part of the n'-formyl was reported to decompose to adsorbed CO and
hydrogen, while the rest of n'-formyl is converted to n’-formyl. Following the previous
experimental findings [187-189], we considered first in our investigations the chemisorption
properties of the formyl species in the vertical ' configuration (see Figure 40a). In this case the
calculations have been done for the case of a single formyl molecule in the 3x3 surface supercell,
corresponding to a coverage 6=1/9. Based on full optimizations of the formyl radical we have
found that the n' adsorption configuration is not stable. Actually, during the optimization this
configuration evolves toward the n* adsorption configuration depicted in Figure 40b. Despite

starting the optimization procedure from several initial 1'-type configurations of formyl with
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different orientations and at different distances from the surface, we found that upon
optimization all these lead to the n*- or n’°- type (see below) adsorption configurations.

For the n” stable adsorption configuration the C-O bond of formyl is almost parallel to
the surface. Representative geometric and energetic parameters of this adsorption configuration
denoted n*(C,0)-HCO are given in Table 1. The “C,0” symbol used in the notation n*(C,0)-
HCO denotes the approximate bonding of the C and O atoms to the surface. We find that in this
case the molecule binds to the surface through both C and O atoms at about 1.99-2.14 A from the
Ru atoms. In this configuration the C-O bond is stretched by 0.086 A relative to the gas phase
equilibrium distance in HCO. An overall binding energy of 59.6 kcal/mol has been determined

for this adsorption configuration.
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Table 1: The calculated geometric parameters, adsorption energies, and vibrational frequencies for formyl
species adsorbed on the Ru(001) surface®

Configuration r(Ru-0) r(Ru-C) 1(C-O) 1(C-H) o’ E.q
HCO (gas phase, exp.)’ 1.175 1.119 124.4
HCO (gas phase, theo.) 1.188 1.129 124.5
n°(C,0)-HCO (theo.) 2.146 1.987 1.274 1.108 115.6 59.6

n(C,C,0)-HCO (theo.) 2061 2125 1320 1105 1144  60.5

tilted n*(C,C,C)-HCO (theo.) ... 2055 1264 1317 1125
2.186
2.142
tilted n'(C)-HCO (theo.) 2045 1262 1254 1123
Configuration v; (C-H str) v, (C-O str) v3;(HCO-bend)
HCO (matrix isolated, exp)® 2488 1860 1090
HCO (gas phase, exp.)’ 2434 1868 1081
HCO (gas phase, theo.) 2625° 1861 1077
n%(C,0)-HCO (theo.) 2911 1352 1210
n’(C,C,0)-HCO (theo.) 2929 1142 1169
n*(C,0)-HCO (exp)® 2900 1180 1400
n*(C,0)-HCO (exp)" 2970 1190 1190
a. All distances are in A, adsorption energies are in kcal/mol, and frequencies are in cm™
b. Angle between H-C-O, in degrees
c. Data from Ref. [202]
d. Data from Ref. [203]
e. Data from Ref. [204] and references therein
f. The calculated normal mode frequency using VASP code in the harmonic approximation
gives a value of 2625 cem”. However previous experimental [202,205] and theoretical [206]
studies have indicated the existence of strong anharmonic effects and intermode coupling for
the C-H stretching mode. When such effects are considered [206], the calculated vibrational
frequency decreases from 2815 cm™ to 2448 cm™ in agreement with the experimental value
of 2434-2488 cm™ [203,204]
g. Data from Ref. [207], referring to HCO(a) on Ru(001)
h. Data from Ref. [188], referring to HCO(a) on Ru(001)
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Another stable adsorption configuration of formyl we have determined is the 1’(C,C,0)-
HCO horizontal configuration depicted in Figure 40c. In this case the C atom binds in a bridge-
type configuration to two-neighboring Ru atoms while the O atom is bonded to a single Ru atom.
The binding energy of this configuration is slightly larger than that of the n*(C,0)-HCO with a
value of 60.5 kcal/mol. In this configuration the CO bond is even more stretched by 0.132 A
relative to the isolated gas phase equilibrium distance of HCO.

Finally, we present in panels d) and e) of Figure 40 two other configurations, the tilted
1°(C,C,C)-HCO and the tilted 1'(C)-HCO that were obtained by simple energy optimizations.
Geometric parameters of these configurations are detailed in Table 1. However, further analyses
of the potential energy surface (see the next paragraphs) have indicated that these configurations
do not correspond to real equilibrium states but to saddle points.

Concluding this section, we note that in the limit of low coverages where these
calculations have been done we have identified two major adsorption configurations of the
formyl radical denoted as n*(C,0)-HCO and 1°(C,C,0)-HCO. The binding energies of these

configurations are similar, in the range 59.6-60.5 kcal/mol.

3.4.3 HCO Formation on Ru(001)

Besides individual adsorption configurations of HCO on Ru(001) surface, a first problem we
investigated was the minimum reaction path for the formation of adsorbed HCO upon interaction
of gas phase atomic H with an adsorbed CO molecule. These calculations have been done using
the nudged elastic band method with 8 images distributed along the reaction path and are

presented in Figure 41. The initial configuration corresponds to H atom positioned at about 4.2
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A from the C atom of the CO molecule, while the final state represents HCO in a n*(C,0)
adsorption configuration. From these calculations it follows that the activation energy of this
process is about 9 kcal/mol, indicating that HCO(a) can be readily be formed as a result of H
bombardment of a CO molecule. However, we note that we have not attempted to map the
angular distribution of the activation energy upon various incidence directions of the incoming
atomic H. It is expected that higher activation energies might be required for more unfavorable

attack directions of atomic H.

Formation of n’(C,0)-HCO from CO(a) and H(g)
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Figure 41: Potential energy surface for interaction of atomic H with adsorbed CO leading to formation of
n%(C,0)-HCO on Ru(001) surface.
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3.4.4 HCO dissociation on Ru(001)

A second problem we have analyzed theoretically is related to the energetic requirements for
dissociation of the formyl species on the Ru(001) surface. We have analyzed the dissociation
process for both 1*(C,0)-HCO and n’(C,C,0)-HCO adsorption configurations.  These
calculations have been done using the nudged elastic band method with 8 images distributed
along the reaction path. The corresponding minimum energy reaction pathways for dissociation
of 0 and 1’ formyl species are presented in Figure 42 and Figure 43, respectively. We note that
in both cases the activation energy for dissociation is relatively small with values of 7.4 kcal/mol
for dissociation of n*(C,0)-HCO and 4.1 kcal/mol for dissociation of 1*(C,C,0)-HCO. These
results indicate that even if formyl species can be formed on the Ru(001) surface, these species
will dissociate readily to CO and H. As a result, unless done at very low temperatures,
measurements of vibrational bands should probe the stretching mode of CO adsorbed on the
surface and not the CO stretching mode in formyl radical.

Overall, the theoretical results presented in this section indicate that dissociation of
formyl on the Ru(001) surface leading to adsorbed CO and H takes place with relative small

activation energies between 4.1-7.4 kcal/mol depending on the starting adsorption configuration.
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Dissociative Chemisorption of n°(C,C,0)-HCO
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Figure 42: Potential energy surface for dissociation of formyl to CO and H starting from the

1(C,0)-HCO adsorption configuration.
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Dissociative Chemisorption of n°(C,0)-HCO
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Figure 43: Potential energy surface for dissociation of formyl to CO and H starting from the
113(C,C,O)-HCO adsorption configuration.

3.4.5 Stability Investigations of the Tilted HCO Adsorption Configurations

We have further analyzed theoretically the potential energy surface for dissociation of formyl
starting from the other configurations; i.e. tilted n3(C,C,C)—HCO and tilted nl(C)—HCO,
identified in the optimization procedure and depicted in Figure 40d and Figure 40e. Our
calculations show that in both of these cases formyl dissociates to CO and H without an
activation barrier. We present in Figure 44 only the corresponding potential energy path for
dissociation of the tilted n3 (C,C,C)-HCO. As can be seen from this figure, the tilted n3(C,C,C)-
HCO configuration corresponds to a saddle point on the potential energy surface and does not

represent a stable minimum.
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Dissociative Chemisorption of Tilted n*(C,C,C)-HCO
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Figure 44: Potential energy surface for dissociation of formyl to CO and H starting from the tilted

1°(C,C,C)-HCO configuration.

3.4.6 Hydrogen abstraction from adsorbed HCO

A final process we have analyzed theoretically corresponds to the interaction of gas phase atomic
H with HCO adsorbed in a 1*(C,0) configuration. Such a process is depicted in Figure 45.
Initially, atomic H approaches the HCO molecule in a direction perpendicular to the surface,
above the H atom of the HCO molecule. As a result of the interaction, the H atom of the HCO is
abstracted leading to formation of H,(g) and the adsorbed CO molecule. As illustrated in Figure
45 the activation energy for the abstraction process is quite small indicating that such a reaction
mechanism is likely even at low temperatures.

experiments performed at ordinary temperatures upon bombardment with atomic H, the
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concentration of HCO species on the surface will be low due to high reactivity with atomic H
forming CO(a) and Hy(g). As in the case of the H(g) reaction with CO(a) we have not attempted
to determine the angular dependence of the potential energy surface for different incident
directions of atomic H upon adsorbed HCO. It is expected that the corresponding activation
energies, even if they would have slightly larger values than those determined in the present

case, will still indicate that abstraction of H from HCO is a readily possible mechanism.

Hydrogen Abstraction from n’(C,0)-HCO
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Figure 45: Potential energy surface for H abstraction from 1n’(C,0)-HCO with the formation of
adsorbed CO and desorption of an H, molecule.

3.4.7 Estimates of the lifetime of adsorbed HCO versus temperature

If we assume a range of reasonable preexponential factors for adsorbed HCO decomposition, and
use the activation energies calculated here, an estimate of the lifetime of the surface species can

be made. We employ 170 K as the temperature, which is the highest temperature reached in our
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experiments to be described later. Thus, for the most stable n*(C,0)-HCO species, with an
activation energy of dissociation of 7.4 kcal/mol, the half life at 170 K ranges from 0.2 s to 2 x
10° s for preexponential factors from 10" to 10" s'. The next most stable n’*(C,C,0)HCO
species, with an activation energy of dissociation of 4.1 kcal/mol, has a half life at 170 K of only
10” to 10” s for the same range of preexponential factors. The n'- HCO species is unstable,
converting to n°-HCO without appreciable activation energy. These estimates suggest that

adsorbed HCO species in any bonding configuration would not be spectroscopically detectable at

170 K.

3.4.8 Calculated Vibrational Frequencies for Adsorbed HCO

The vibrational frequencies for the C-H stretching mode and for the C-O stretching mode of
adsorbed HCO have been calculated. For the equilibrium adsorption configurations, n*(C,0)-
HCO and n’(C,C,0)-HCO, we have determined the corresponding vibrational frequencies
(within the harmonic approximation) using a direct finite difference algorithm. The
corresponding results are given in Table 1. As can be seen from this data upon adsorption on the
surface the CH stretch significantly increases from the gas phase value (2434 cm™) to about 2911
cm” for n*(C,0)-HCO and 2929 cm™ for n3 (C,C,0)-HCO. In contradistinction, the CO stretch
decreases from the gas phase value (1868 cm™) to 1352 cm™ for n%(C,0)-HCO and to 1142 cm™
for n*(C,C,0)-HCO, suggesting a significant weakening of the C-O bond. These values are
significantly smaller than the frequency of individual CO molecules adsorbed on the Ru(001)
surface. For completeness we have also calculated the vibrational frequencies of CO when

adsorbed at different surface sites, namely the on-top and hcp sites. Our results indicate that
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upon adsorption, CO vibrational frequency shifts from the calculated gas phase value of 2096
cm™ to 1950 cm™ when adsorption takes place on-top or to 1700 cm™ for an hep adsorption site.
As these values are well separated from those of CO in formyl they should provide a practical

procedure to separate C-O modes from HCO(a) and from chemisorbed CO.

3.5 EXPERIMENTAL METHODS

The experimental conditions as well as the surface science techniques used in these experiments
were reported in detail in Chapter 2. The infrared radiation was p-polarized with respect to the
surface of the crystal and spectra were collected using 4 cm™ resolution averaged over 2000
scans.

Following any exposure to CO, the crystal was heated to 250 K and cooled immediately
to 88 K. This procedure was designed to equilibrate and order the CO adlayer without depletion
as no CO desorbs from the surface at this temperature [41]. Atomic hydrogen was generated by
dissociating 'H, (Valley National Gases, 99.9995% purity) with a hot tungsten coil
(approximately 1800 K as measured by an optical pyrometer). The measured brightness
temperature of the tungsten coil was corrected for the emissivity of tungsten as well as for
absorption by the window. The hydrogen was admitted into the chamber by means of the
variable flow leak valve in order to back fill the chamber. An ion gauge was used to measure the
pressure in the chamber and the readings were corrected for gauge sensitivity, using a relative
sensitivity factor of 0.6 for hydrogen. The crystal was positioned about one centimeter in front
of the W-coil with the (109) face directed towards the W-coil. During the atomization of the

hydrogen, the temperature of the crystal rose from 88 K to approximately 150 K, for a 50 second
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exposure. For a 100 second exposure the temperature rose to approximately 170 K. Following
each exposure to atomic hydrogen, the sample was linearly heated to 150 K to desorb any water,
which may have been generated by H atoms striking the chamber walls [189]. All hydrogen
exposures are reported in Langmuirs (1 L = 1 x 10° Torr-s), and represent the molecular
hydrogen exposure. The efficiency of the atomization of the molecular hydrogen, and therefore
the actual atomic hydrogen exposure, is not known. The crystal was biased at —100 V during the
hydrogen exposure so as to avoid thermionically-generated electrons from the W-coil from

reaching the crystal.

3.6 EXPERIMENTAL RESULTS

12C'%0 was initially adsorbed on the surface up to a saturation coverage which corresponds to
7.47 x 10* cm'z, (Bco = 0.54 relative to the available ruthenium surface atoms). An infrared
spectrum of the saturated adlayer was recorded and is plotted in Figure 46a. A single infrared
band at 2064 cm is the only observable feature. This frequency corresponds to the C-O
stretching frequency of an on-top CO species and is consistent with our previous results [41].
The saturated surface was then exposed to 1250 L of H/H,. The resulting infrared spectrum is
plotted in Figure 46b. A single infrared band at 2052 cm™ was the only observable feature. The
peak intensity of this feature was approximately % of the peak intensity of the infrared band of
the saturated surface. The integrated band absorbance corresponding to the pure CO layer is
approximately 5 times larger than the band corresponding to the CO layer treated with atomic H.
In addition to a decrease in the intensity and hence the area of the absorbance peak there is also a
significant broadening of the infrared band. The infrared band of the pure CO on the surface has
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an initial full width at half maximum (FWHM) of approximately 9 cm™, whereas the infrared
band after the H/H, exposure has a FWHM of about 22 cm™. This increase in the CO linewidth
may be attributed to the increased inhomogeneity of the CO adlayer as the CO adlayer is initially
ordered in Figure 46a. The broad scan spectrum in Figure 46b shows that no other infrared
features in the range of 3500 cm™ to 800 cm™', expected for a chemical reaction between atomic
H and chemisorbed CO, are observed after extensive atomic H exposure. The sensitivity of the

measurements is < 0.0006 A units.
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Figure 46: Infrared spectra of chemisorbed CO on Ru(109), 6o = 0.54. (a) Prior to atomic
hydrogen exposure; and (b) after 1250 L of atomic hydrogen exposure.
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In a separate experiment '*C'°O was adsorbed on the surface to a coverage of 5.51 x 10"
cm™ (Bco = 0.40 relative to the available ruthenium surface atoms), approximately 74% of the
saturation coverage. The behavior of the CO adlayer following various H/H, exposures was
followed by infrared spectroscopy. The initial infrared spectrum of the pure CO adlayer
produced a single band at 2038 cm™. The CO adlayer was then exposed to increasing exposures
of atomic hydrogen from 6 L to 1250 L H/H,, with a spectrum being recorded after each
exposure. After an initial exposure of 6 L of H/H; the infrared frequency shifted rapidly upward
to 2055 cm”. The CO band continues to increase in frequency as the cumulative hydrogen
exposure increases, reaching a maximum frequency of 2061.5 cm™ after an exposure of 19 L of
H/H,. As the cumulative H/H, exposure continues to increase, the infrared band then shifts
downward in frequency and gradually loses intensity. After an exposure of 1250 L of H/H; the
frequency of the band is 2045 cm™ as can be seen in Figure 47. Again no other development of
absorbances over the frequency range 3500 cm™ to 800 cm™ is observed. A control experiment
was performed in order to verify that the atomic hydrogen (and not spurious effects from the
walls of the chamber) was in fact responsible for the observed effect on the CO adlayer. In this
control experiment 'C'°0 was adsorbed on the surface at the same coverage as in the previous
experiment (Bco = 0.40 relative to the available ruthenium surface atoms), but the back side of
the crystal (instead of the front side (109 face) as previously) was directed towards the W-coil
during the generation of atomic hydrogen. In this experiment the single infrared band shifted
from an initial frequency of 2038 cm™ upwards to 2054 cm™ (data not shown) while gradually
losing intensity and becoming broader as the exposure of H/H, increases to its maximum value

of 1250 L.
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IR Spectra of Chemisorbed CO During
Sequential Atomic H Exposures
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Figure 47: Infrared spectra of chemisorbed CO on Ru(109) at an initial coverage of 0o = 0.40, after
sequential atomic hydrogen exposures. The hydrogen gas was admitted to the chamber through a variable
flow leak valve and was atomized by means of a tungsten coil at approximately 1800 K. The temperature of
the crystal rose to about 150 K during the exposures. The crystal was biased -100 V during the exposures.

The changes in the CO-frequency are plotted against the hydrogen exposure in Figure 48.
In a control experiment, the same coverage of CO was adsorbed onto the surface of the Ru(109)
crystal, but instead of being exposed to atomic hydrogen, the adlayer was only exposed to
molecular hydrogen and the results are plotted in Figure 48. There is a very gradual increase in
the CO frequency, from 2035 cm™, as the exposure of molecular hydrogen is increased. The
slight difference in the initial frequencies can be attributed to a slight difference in the initial
coverage of CO adsorbed on the surface. After an H, exposure of 1250 L, the CO frequency
shifted upwards, by 11 cm™, to 2046 cm™. This comparison between H/H, and H, exposures

shows that most of the effect with the H/H, mixture is due to the presence of atomic H in the
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incident gas mixture. It is likely that supplying hydrogen atoms at high chemical potential

(compared to Hy) causes rapid H coadsorption with CO.

Comparison of Atomic H and H, Exposures on CO/Ru(109)
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Figure 48: Comparison of infrared spectra of chemisorbed CO on Ru(109) at an initial coverage of Oco =
0.40, after sequential exposures of atomic and molecular hydrogen. The crystal was biased -100 V during the
exposures.

3.7  DISCUSSION

3.7.1 The production of HCO(a) from atomic H and CO on Ru

The theoretical investigations of the adsorbed HCO species on Ru(001) indicate that at 150 K,
the temperature employed in this work, if these species were produced they would not be

observable by vibrational spectroscopy. Work by Anton et al. [207] and by Mitchell et al.[187-
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189] has reported the presence of stable n'-HCO at 100 K and the conversion of this species to
n’- HCO at 180 K, as well as its decomposition. The production of adsorbed H,CO is also
reported [187-189]. These results are in disagreement with our theoretical estimates of the
stability of nz-HCO, and also with our reflection infrared measurements, where neither C-H
modes nor C-O modes of HCO(a) were observed.

It is possible that the explanation of our experimental results is connected with the
stringent normal-dipole selection rule for infrared reflection spectroscopy [151], a limiting rule
less strongly applicable to HREELS [117,208]. As shown in Figure 40a, the n'-HCO species
presents a C-O and a C-H bond which each possess a large normal component, and n'-HCO
should therefore be observable by IR reflection spectroscopy, if it is thermally stable. However,
the n>-HCO species does not have a large normal component for the C-O stretching mode,
although the C-H stretching mode should be visible by reflection IR.

Previous studies involving transmission IR spectroscopy on Al,Os-supported Rh catalysts
have been carried out in a search for the production of adsorbed HCO by reaction of
chemisorbed CO with atomic H at 170 K [209]. These experiments, which are not limited by the
dipole selection rule, were also completely negative. The use of a high surface area metallic

catalyst adds extra sensitivity to the infrared measurements.

3.7.2 Shifts in the C-O stretching mode following exposure of chemisorbed CO to atomic
H: CO compression and displacement effects

It is well known that when the coverage of CO is increased on Ru(001), the CO frequency shifts
upward [91]. This effect has also been seen on Ru(109) [42]. The upward shift is due to

interaction between the dynamic dipoles of the CO oscillators, in which the in-phase coupling,
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leading to a higher mode frequency, is preferentially intensified compared to out-of-phase
coupling [151] as the coverage is increased.

When hydrogen coadsorbs with chemisorbed CO, immiscible islands of H(a) and CO(a)
are formed, causing the local coverage in the CO islands to increase. The upward frequency shift
initially observed in the C-O mode (Figure 48) when either atomic H or H, interacts with the
surface containing CO is therefore likely to be due to this CO compression effect. The same
effect is seen with D atoms interacting with chemisorbed CO on Ru(001) [180]. The higher
chemical potential of atomic H causes this coadsorption process to be kinetically accelerated
compared to experiments employing H,. An alternate explanation [93,180] involving an
electronic interaction between H(a) and CO(a) is unlikely to be strongly involved.

After an exposure to H/H, of only about 20 L, the increase in C-O frequency is reversed,
and vco begins to decrease. This is likely due to the displacement of chemisorbed CO by atomic
H. The reduction in C-O frequency at higher atomic H exposures is accompanied by a large loss
in C-O band intensity, also suggesting that CO displacement by atomic H has occurred. The
extra potential energy of atomic H compared to H; [1/2 Dy (H;) = 52.1 kcal/mol] may kinetically
drive CO displacement. At 8co = 0.40, we have measured that the binding energy of CO is only
about 15 kcal/mol [42]. The exothermicity of atomic H adsorption is 58-65 kcal/mol [210],

based on the desorption activation energy of H, (11-26 kcal/mol of Hy) [211].

3.7.3 HCO as an intermediate in Fischer-Tropsch Chemistry

These experiments do not address the possibility that chemisorbed HCO intermediates may be
involved in the Fischer-Tropsch catalytic reaction. If HCO is an intermediate in the reaction, its

steady state surface concentration will be very low at ordinary synthesis temperatures. For high
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pressure H,, where pressure is employed to elevate the chemical potential, it is likely that CO
displacement processes will occur under catalytic conditions. Many other studies suggest that
the alternative kinetic route to Fischer-Tropsch alkane products involving C-O bond scission is

active [49-51,65].

3.8 SUMMARY

Theoretical investigations suggest that at temperatures of 170 K, formyl species adsorbed on
Ru(001) will be unstable, and will rapidly decompose to H(a) and CO(a). HCO species multiply
bound in different ways on Ru via C and O moieties exhibit low dissociation activation energies
of only 7.4 - 4.1 kcal/mol and are unstable at T > 170 K. Additionally, our theoretical results
suggest that H atom-induced H abstraction from formyl species with formation of CO(a) and
desorption of Hx(g) is another possible reaction mechanism at low temperatures.

Using reflection IR spectroscopy, a search for HCO species produced by atomic H
bombardment of chemisorbed CO has not revealed the production of these species, consistent
with theoretical expectations on Ru.

Atomic H is observed to cause CO overlayer compression effects, based upon
observations of an initial increase in C-O vibrational frequency as immiscible H(a) and CO(a)
islands are produced. Continued exposure to atomic H causes desorption of CO at 150-170 K as
deduced by a downward shift in the C-O frequency as well as a large decrease in integrated CO

IR absorbance.
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4.0 ELECTRON-STIMULATED DISSOCIATION OF MOLECULAR N; ADSORBED

ON Ru(109): A TPD AND IRAS INVESTIGATION

The information contained in this chapter is based on the following research publication:
Gregg A. Morgan, Jr., Yu Kwon Kim, and John T. Yates, Jr. “Electron-Stimulated
Dissociation of Molecular N, Adsorbed on Ru(109): A TPD and IRAS investigation”

Surf. Sci. 598 (2005) 1-13.

4.1 ABSTRACT

Temperature programmed desorption (TPD) and infrared-reflection absorbance spectroscopy
(IRAS) studies have been performed on the molecular adsorption state of N, and its subsequent
electron-induced dissociation on an atomically-stepped Ru(109) single crystal surface. IRAS
results revealed that N, adsorbates exhibit only a single infrared absorption band at ~2198-2196
cm™ up to saturation, indicating an on-top configuration. TPD results show three distinct
features (termed o, o, and o3), where at the lowest coverage, only a; grows up to saturation
with desorption at 184 K, followed by the o, feature which desorbs at 136 K, and then, the
surface saturates with the development of the o3 feature desorbing at 112 K. The IRAS results

confirm that the three N, desorption states comprise the molecular adsorption states on Ru(109)
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by the complete depletion of the IR band after annealing up to 200 K. The a,;-N; state is shown
to be due to adsorption on the step sites of Ru(109). Electron-stimulated dissociation of the
molecular N, adsorbates produces two distinct recombinative, N(a) + N(a), desorption states (j3;
and 3;) between 400-800 K. The appearance of the 3, state is shown to be due to the coverage

of atomic N produced by electron bombardment.

4.2 INTRODUCTION

The Haber-Bosch process is an industrially important catalytic reaction for the synthesis of
ammonia from atmospheric nitrogen and hydrogen. In addition to the traditional iron catalyst,
ruthenium has recently emerged as a viable contender to become an ammonia synthesis catalyst
[129,212]. Major steps in the catalytic reaction involve the dissociation of N, and H,, which is
then followed by a reaction between the chemisorbed atomic N and H species [115]. Thus, there
have been extensive experimental studies on the adsorption of N, on the Ru(001) surface by
temperature programmed desorption (TPD) [34,35,115,169,213-219], high resolution electron
energy loss spectroscopy (HREELS) [115,216,217,220,221], low energy electron diffraction
(LEED) [115,213,216,222], Fourier transform-infrared reflection absorption spectroscopy (FT-
IRAS) [119], scanning tunneling microscopy (STM) [223,224], and ion scattering spectroscopy
(ISS) [225,226] as well as theoretical studies [34,121,218,219,227] in an attempt to understand
adsorption, desorption, and dissociation kinetics.

The rate limiting step in the ammonia synthesis is very likely the N, dissociation on the
Ru surface. One of the most important findings is that the N, dissociation is not mediated by the

whole surface, but entirely by some specific active sites that are attributed to the various random
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atomic steps present on the Ru(001) surface [34]. Chorkendorff et al. [34] showed that the N,
dissociation occurs at random step sites on Ru(001) with a dissociation barrier of about 0.4 eV
and on the terrace sites with a dissociation barrier of 1.3 eV from their study of the thermal
dissociation of N, on clean and Au-passivated Ru(001). The measured rate of dissociative N,
adsorption at 500 K is at least 9 orders of magnitude higher at the step sites than at the terrace
sites [34]. The calculated difference in the activation barrier between the steps and terraces is
slightly higher than experimentally reported, with an approximate difference of 1.5 eV. Two
consequences can be drawn from the reactivity of the steps and the terraces: (1) N, dissociation
is extremely structure sensitive such that even a small percentage (< 1%) of step defects on the
Ru surface could dominate the overall N, dissociation rate; (2) The high dissociation probability
on the step sites indicates that the ammonia synthesis reaction should be extremely rapid on a
dispersed Ru catalytic surface in which a much higher percentage of defects are present.

This paper reports the behavior of N, on the Ru(109) surface containing double height
steps separated by Ru(001) terraces of ~9 atom width. N, dissociation is carried out by electron
impact at low temperatures. A second paper deals with the thermal dissociation of N, on

Ru(109) [43].

4.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The general experimental conditions are

also discussed in detail in Chapter 2, but a few specific conditions are mentioned here.
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A shielded Quadrupole Mass Spectrometer (QMS) (UTI 100C) was used for acquiring
the thermal desorption spectra of N, adsorbed on the surface. The conical shaped shield has an
aperture of ~ 9 mm, whereas the diameter of the crystal is ~ 10 mm thus insuring that desorption
from the front surface of the crystal is mainly being sampled. The crystal was positioned
approximately 4 mm from the aperture of the shield during TPD with the face of the crystal
perpendicular to the axis of the QMS. For electron-induced dissociation of N,/Ru(109), the
electrons were extracted from the QMS onto the crystal (biased +100 V) giving a nearly uniform
current density of 1.6 x 10° A cm™ at 170 eV electron kinetic energy at the crystal.

The infrared reflection-absorption spectra were collected using 2 cm™ resolution

averaged over 1500 scans.

4.4 EXPERIMENTAL RESULTS AND DISCUSSIONS

4.4.1 IRAS Measurements

4.4.1.1 IR Spectral Development

The development of the infrared reflection absorption spectra for '*N, adsorption on
Ru(109) at 75 K with increasing N, coverages is shown in Figure 49. It is noted that a single
infrared band is observed for almost all coverages of N, except for the lowest detectable
coverage of 4.1 x 10" cm™ (6 = 0.03, hereafter relative to the available Ru surface atoms, 1.37 x
10" cm™). There are two bands present at this coverage with vibrational frequencies of 2208
and 2198 cm’', respectively. As the coverage is increased, only a single band grows in intensity.

The vibrational frequency of this band remains nearly constant as the coverage is increased,
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shifting from 2198 cm™ at small coverages to 2196 cm™ at saturation coverage. At a coverage
around 1.37 x 10" cm™ (@ = 0.10), the vibrational frequency shifts gradually from 2198 cm™ to
2196 cm™ and then back to 2198 cm™ as the coverage approaches 3.84 x 10" cm™ (6 = 0.28). At
coverages larger than 3.84 x 10" cm 2 (0 = 0.28), the vibrational band again shifts down in

frequency to 2196 cm™ until saturation at 5.07 x 10'* cm™ (6 = 0.37).

IR Spectra of ““N, Adsorbed Ru(109) at 75 K
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Figure 49: Infrared spectra of 1N, after adsorption on Ru(109) at 75 K. The resolution is 2 cm’ with each
spectrum being averaged over 1500 scans. Gszalues are given relative to the available Ru

surface atoms, 1.37 x 10" cm™.

In addition to a shifting in the frequency of the band, the peak also changes shape as the

coverage is increased. Up to a coverage of 1.92 x 10" cm™ (8 = 0.14) the band is broad (FWHM
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=10-12 cm™), but at a coverage of 3.84 x 10'* cm™ (0 = 0.28) the band narrows down to ~8 cm™
and continues to narrow to < 8 cm™' at the saturation coverage. The integrated absorbance of the
IR band increases until 6 = 0.37, corresponding to the saturation coverage as can be seen in

Figure 50.

Integrated Absorbance vs. Coverage for N, Adsorbed on Ru(109) at 75 K
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Figure 50: Integrated absorbance of the infrared spectra versus N, coverage (relative to the available Ru
surface atoms, 1.37 x 10" cm™) for N, adsorbed on Ru(109) at 75 K. The curve is drawn to guide the eye.

4.4.1.2 N, Binding to Stepped Ru(109)

The infrared peak is caused by N, molecules adsorbed on top of a single ruthenium atom.
[115]. The observed nitrogen-nitrogen stretching frequency of ~ 2200 cm™ may be correlated
with previously observed vibrational frequencies of linear Ru-N; species within metal complexes
[115]. The N, species bonds primarily to the substrate through a completely decoupled 4c/2n

bonding interaction [119]. The infrared activity of the N-N bond in the chemisorbed phase
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indicates that the adsorption process breaks the symmetry of the nitrogen molecule, thus
producing inequivalent N atoms within the molecule.

The observed variation in peak position with coverage is in reasonable agreement with
previous HREELS data from Anton et al. for N, on Ru(001), which has reported that as the N,
coverage increases the nitrogen-nitrogen vibrational band shifts from 2252 cm™ at the lowest
coverages to 2212 cm’' at saturation coverage when nitrogen is adsorbed at 95 K [228].
However, when N, was adsorbed at 75 K on Ru(001), the vibrational band shifted from 2247
cm’ to 2198 cm™ [228]. De Paola et al. reported that the N-N vibrational band shifts from 2209
cm” to 2189 cm™ for the Ru(001) surface as found by IRAS, which provides more accurate
frequency measurements than HREELS [119]. However on the more open Ru(100) surface, it
was found by HREELS that the vibrational frequency of the N-N band does not decrease with
increasing coverage as has been previously reported, but remains constant at 2194 cm™ [229].

Coverage dependent changes in the N-N frequency could cause the downward shift in the
vibrational frequency as has been previously observed for N, adsorption on Ru(001). A possible
explanation for the constant frequency of the vibrational band for N»/Ru(109) arises from two
opposing and compensating interactional effects. An upward shift in vibrational frequency is
due to dipolar coupling in the adlayer. As the coverage increases, the dipolar coupling increases
which therefore causes the vibrational frequency to increase and has been previously observed
for CO adsorption on Ru(001) [91] and Ru(109) [42]. The decrease in frequency with increasing
coverage may be attributable to the formation of a 1n, band as 1n, orbitals of adjacent molecules
overlap with increasing coverage, which ultimately broadens the IR band due to dispersion

[115]. If the 1m, level broadens significantly in energy to cross the Fermi level, the N-N bond
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would weaken causing v(N-N) to decrease. It is possible that these two effects compensate each
other, resulting in the relatively constant vibrational frequency.

In the course of the infrared studies, individual resolved IR features attributable to N,
adsorbed on the steps and on the terraces could not be observed. There are two explanations
which can be offered to explain the lack of IR spectral evidence for N, adsorption on the step
sites of Ru(109). Possible intensity sharing effects between step-N, and terrace-N; could occur
causing spectral discrimination to be impossible [30]. Alternatively, the difference in the
bonding and the electronic character of N, on step and terrace sites may be too small to be
observed by infrared spectroscopy as a large shift in frequency. However, our studies do
indicate that at low coverages, when step sites are preferentially occupied, there is a split in the

IR band near 6N2= 0.03.

The observed linewidths (FWHM) are roughly similar to those observed by de Paola
[119] for N, adsorption on Ru(001). These linewidths are much narrower than those observed

for the C-O stretching vibration on Ru(109) [42].

4.42 Temperature Programmed Desorption of '*N,/Ru(109)

4.4.2.1 TPD of N, from clean Ru(109)

The thermal desorption spectra for N, molecules adsorbed on Ru(109) at 75 K and 150 K
are shown in Figure 51 and Figure 52, respectively. In Figure 51, a single desorption feature
(termed ;) appears around 195 K from the lowest coverage to its saturation at 4.8 x 10" cm™ (0
= 0.11) with the peak shifting to lower temperature (184 K). At even higher coverages, a second

desorption feature (a) develops until it saturates at a coverage of 3.84 x 10" cm™ (6 = 0.28)
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with a maximum desorption temperature of 135 K, which is followed by a third desorption
feature (a3) at 112 K. The TPD traces in Figure 51a are those of mass 14 and the TPD traces in
Figure 51b are those of mass 28. The high temperature feature near 550 K in Figure 51b is due
to the desorption of contaminant CO from the surface, which comprises less than 1% of the
saturation coverage.

The inset in Figure 51a indicates that all of the molecular nitrogen adsorbates desorb
completely from the surface by 200 K, without yielding any other higher temperature desorption
states related to the nitrogen species. The IRAS results indicate that the three N, desorption
states comprise all the molecular adsorption states on Ru(109) by the complete depletion of the
IR band after annealing up to 200 K (data not shown).

Note that the development of o, and o3 with increasing N, coverage quite closely
resembles the two desorption features observed in previous TPD studies of N,/Ru(001)
[228,230]. Therefore, these two features are attributed to the desorption of molecular nitrogen
from the terraces of Ru(109). On the Ru(001) surface all chemisorbed N, is removed from the
surface by 140 K [228,230], and no desorption features similar to o, have been observed on
Ru(001). Thus, the a; feature can be assigned to the desorption of molecular nitrogen from the
steps, whereas the o, and a; peaks are assigned to molecular nitrogen desorbing from the terrace
sites. Nitrogen adsorbed on the Ru steps has a higher binding energy than nitrogen adsorbed on
the terraces as indicated from the higher desorption temperature of the o state. The o,
desorption feature corresponds to a coverage of roughly 1/3 (6 = 0.12) of the saturation coverage.

The step atoms in the double height Ru(109) step constitute 12% of the surface Ru atoms.
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Temperature Programmed Desorption of “N, Adsorbed on Ru(109) at 75 K
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Figure 51: Temperature programmed desorption spectra of N, adsorbed on Ru(109) at 75 K. The heating
rate is 2.0 K/s. a) The TPD trace of 14 amu was followed so as to avoid overlap in the 28 amu signals. b)
The TPD trace of mass 28 was plotted to show that the amount of CO co-adsorption from the background is
very small and negligible. The insets in both a) and b) show a magnified view of the temperature region
between 400 K and 800 K.

Figure 52 shows the sequential TPD spectra for '*N»/Ru(109) when N, is adsorbed at 150
K. After the exposure, the substrate is cooled down to 85 K prior to the TPD measurement. The
o feature is the only desorption feature, which saturates at a coverage of 1.64 x 10'* cm™ (0 =
0.12) without any desorption of the o, and o3 features. The inset in Figure 52 again shows that

no high temperature desorption states are present.
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TPD Spectra of “N, Adsorbed on Ru(109) at 150 K
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Figure 52: Temperature programmed desorption of N, adsorbed on Ru(109) at 150 K. The heating rate is
2.0 K/s. The TPD trace at 14 amu was followed so as to avoid overlap in the 28 amu signals. The inset shows
a magnified view of the temperature region between 400 K and 800 K.

4.4.2.2 TPD of "N, from Carbon-Covered Ru(109)

In an attempt to verify the conclusion that the a; desorption feature is attributed to N,
desorption from the step sites, the steps were intentionally poisoned with carbon. Thermal
decomposition of ethylene on Ru produces carbon deposits on the surface between the
temperatures 350-650 K [42,96]. The effect of carbon deposition from ethylene on the N,
desorption kinetics was studied and the effects can be seen in Figure 53. Ethylene was adsorbed
on the Ru(109) surface at 88 K at coverages up to ~ 20% of the available Ru surface atoms.
Therefore, heating up to 800 K decomposes the adsorbed C,H, into surface carbon in the
stoichiometric amount up to a maximum of ~40% of the available Ru surface atoms. When
C,H,4 was adsorbed at a coverage corresponding to 10% of the available Ru surface atoms and

thermally decomposed, a carbon coverage of 6¢c = 0.20 was sufficient to block CO dissociation
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which occurred at the step sites [42]. Details of our observations of C,H4 decomposition on
Ru(109) are given in the footnote'. N, was then adsorbed on Ru(109) with various coverages of
carbon from O¢ = 0 to 6¢ = 0.40 with the crystal at 150 K using a N, exposure of 5.0 x 10" N,
cm (the exposure used to produce a maximum o;-N, coverage of 1.64 x 10" cm™ (8 = 0.12) on
a clean surface) and subsequently followed by TPD. As the coverage of the carbon increased,
the o; peak decreased in intensity and integrated area. At 0, = 0.28 the amount of o;-nitrogen
able to adsorb on the surface reaches a minimum. Preadsorbed carbon on the Ru(109) surface
does not completely block N, adsorption at the step sites as was previously seen for CO/Ru(109)
[42]. The ~86% blockage of a;-N; by carbon strongly suggests that o;-N» is associated with the

atomic steps on the Ru(109) surface.

At C,H, coverages less than 1.0 x 10'* cm™ (6 = 0.07) the only desorption product present during the thermal
decomposition of C,Hy is H, (2 amu). There is no evidence of 28 amu, 26 amu, or 25 amu desorbing from the
surface as the C,H, is decomposed (data not shown). At C,H, coverages above 2.0 x 10" cm™ (0 = 0.15) there is
evidence of minimal desorption for 25 amu and 26 amu. This indicates that there is not a complete decomposition
(into surface C and gaseous H, species) of the C,H, adsorbed on the Ru(109) surface. At large surface coverages (>
4.0 x 10" em™ (6 = 0.29)) there is evidence of 28 amu desorption in addition to desorption of 25 and 26 amu.
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TPD Spectra of *N, Adsorbed on C-poisoned Ru(109) at 150 K
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Figure 53: Temperature programmed desorption spectra of N, adsorbed on Ru(109) at 150 K at varying
coverages of pre-deposited carbon from ethylene. The initial N, exposure =5.0 x 10'* cm™ corresponds to a
saturation coverage (on a clean surface) at 150 K. The heating rate is 2 K/s.

4.4.2.3 Electron Stimulated Dissociation of 14N2/Ru(109)

The electron stimulated dissociation of chemisorbed N, molecules on Ru(109) was
explored. "N, was adsorbed on Ru(109) up to a saturation coverage of 5.07 x 10" N, cm™ (0 =
0.37) at 75 K. The saturated N»/Ru(109) surface was then subjected to varying fluences of
electrons, which was followed by a TPD measurement as can be seen in Figure 54. Note that all
molecular desorption states (o — o3) decrease with increasing electron exposure, which is
accompanied by the development of a high temperature desorption feature around 600-700 K
(labeled as B;). As the ; feature increased in intensity, the 3; desorption peak shifted to lower
temperature (620 K), indicative of a second-order desorption process. After an exposure of 1.2 x

10" electrons cm™, another state (B,) develops at 500 K. The B, feature continued to increase in
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intensity with very little shift in temperature as the exposure was increased sequentially up to 3.6
x 10" electrons cm™.

From the TPD spectra in Figure 54, the cross-section for electron stimulated desorption
(Qpes) and dissociation (Qgiss) were calculated from the plot in the inset. The cross section for
desorption (Qpes) is determined from the loss of the total integrated area for all of the N,
desorption processes (a + ) due to electron stimulated desorption and was determined to be 1.1
+ 0.1 x 10" cm™.  The cross-section of electron stimulated dissociation (Quiss) 1s determined
from the increase in the integrated area of B, and B, and was determined to be 1.6 + 0.6 x 107"
cm™. Qpes + Quiss are determined from the depletion of the integrated area of o, o, and as;.
This decrease is a result of dissociation as well as desorption, occurring with a measured cross-

section of 3.2 + 0.4 x 107"® ¢cm™.

The sum of Qgiss and Qpes 1s equal to the overall calculated
cross section of depletion (Qpes + Quiss), Within the error limits of the measurement.

Figure 55 shows results of the electron stimulated process for depletion of only o-
No/Ru(109). A coverage of 1.64 x 10" cm™ (0 = 0.12), the saturation o, coverage, was adsorbed
on the Ru(109) surface at 150 K. The saturated adlayer was then bombarded with increasing
exposures of electrons. As the electron exposure increased, note that the decrease in o is
accompanied by the production of only B, until its saturation after an exposure of 6.0 x 10"
electrons cm™. There was no development of the B, state, even after the saturation of B, as there
was when N, was adsorbed to higher coverages at 75 K.

Using the integrated area of the TPD spectra in Figure 55, the cross-section for electron
stimulated desorption (Qpes) and dissociation (Qgiss) of the o;-N; species were calculated from

the plot in the inset. The cross section for desorption (Qpes) is determined from the loss of the

total integrated area (relative to the initial TPD spectrum) due to electron stimulated desorption
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and was determined to be 1.5 + 0.1 x 10™"® cm™

The cross-section of electron stimulated
dissociation (Qgiss) is determined from the increase in the integrated area of [; and was
determined to be 1.8 = 1.0 x 107'* ecm™. Qpes T Quiss are determined from the depletion of the
integrated area of the o; state. This decrease is a result of dissociation as well as desorption,

resulting in a cross-section of 4.4+ 0.9 x 10™® cm™.

TPD of '4N21Ru(109) After Electron-Stimulated Dissociation at 75 K
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Figure 54: Temperature programmed desorption spectra of N, adsorbed on Ru(109) at 75 K after exposure
to varying fluences of 170 eV electrons. The heating rate is 2 K/s. The initial N, coverage = 5.07 x 10" ecm™ (0
=0.37). The TPD trace at 14 amu was followed so as to avoid overlap in the 28 amu signals. The inset shows
the calculated cross sections of desorption (Qp.), dissociation (Qy;ss), and depletion (Qps + Qgiss) from the
areas of the corresponding TPD spectra.
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TPD of I4N21Ru(109) After Electron-Stimulated Dissociation at 150 K
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Figure 55: Temperature programmed desorption spectra of N, adsorbed on Ru(109) at 150 K after exposure
to varying fluxes of 170 eV electrons. The heating rate is 2.0 K/s. The initial N, coverage = 1.64 x 10'* cm™ (0
=0.12). The TPD trace at 14 amu was followed so as to avoid overlap in the 28 amu signals. The inset shows
the calculated cross sections of desorption (Qp.), dissociation (Qy;ss), and depletion (Qps + Qgiss) from the
areas of the corresponding TPD spectra.

4.4.2.4 Isotopic Mixing of *N; and ""N,/Ru(109)

To verify the hypothesis that the ; and B, phases are due to recombinative desorption of
dissociated nitrogen it was necessary to utilize an additional N, isotopomer. Two stable
isotopomers — '*N, and "°N, — were employed to detect electron impact dissociation of N, on the
surface by detecting the formation of the mixed isotopomer —'*N’N. N, and ""N, were
adsorbed simultaneously on the Ru(109) surface (using a 50/50 mixture of the two isotopomers)
in the amount of © = 0.10 (1.37 x 10" cm™) each, which was then followed by electron
bombardment with 6.0 x 10'” electrons cm™. During the subsequent TPD scan, the signals from
14, 28, 29, and 30 amu masses were recorded by QMS multiplexing. The 28 amu trace was

generated from the 14 amu trace as there was evidence of a small amount (roughly 1% of a

124



saturated layer) of "?C'°O desorbing . This was possible by using the fact that in a 50/50 mixture
of isotopomers 2/3 of the 14 amu signal (when rescaled to match the 28 amu signal) originates
from the '*N,. In Figure 56, the o and o, peaks remaining after electron bombardment are
composed of the initial isotopomers in nearly equal amounts. As the temperature is increased,
resulting in the desorption of the ; and [, states, 28 amu and 30 amu desorb in nearly equal
amounts whereas the amount of 29 amu desorbing from the surface is nearly twice the amount of
28 amu and 30 amu.

There is a slight amount of 29 amu desorbing around 180 K with the initial isotopomers,
but this is due to the presence of 29 amu in the "°N; as a 2% impurity.

The result from Figure 56 indicates that 100% isotopic mixing (and hence dissociation)
occurs after exposure of the a-N, species to the electron beam and that the [ features are
attributable to the recombination of mobile atomic N species formed by N, dissociation by the
impinging electron beam. This can be understood from the recombination of two kinds of N
adsorbates ('*N and '°N) which are randomly distributed on the steps as well as on the terraces.
Thus, the two desorption features are naturally attributed to the recombinative desorption of

atomic N adsorbates irrespective of the adsorption sites.
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TPD Spectra for ‘N, + 15l\l2 after Electron-Stimulated Dissociation
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Figure 56: Isotopic mixing of '*N, and "°N, during temperature programmed desorption of N, adsorbed on
Ru(109) at 85 K after exposure to 6.0 x 107 electrons/cm” (170 eV). The heating rate is 2 K/s. The initial 9N2

= (.10 for each isotopomer. The dashed curve is the actual mass 28 signal from "“N'*N and ?C'°0. The
difference between the calculated mass 28 signal and the actual mass 28 signal is due to CO co-adsorption
from the background.

4.4.3 Assignment of 3; and 3, Desorption Features to Steps and Terraces

From the calculated results of the dissociation and desorption cross-sections as can be found
from Figure 54, the electron impact process induces both dissociation and desorption with
roughly equal probability. Thus, upon electron impact roughly the same number of N, molecules
desorb from the surface as dissociate on the surface, regardless of whether adsorption exists on
the steps or terraces. A similar ratio of desorption and dissociation cross sections is observed
when only a;-N; is present (Figure 55) indicating that the electron impact processes are fairly
site-insensitive. In addition, the number of molecules desorbing from the B, state (9.5 x 10"

cm™) is roughly the same as the number desorbing from the B, state (9.9 x 10" cm™).
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Two separate desorption states (3; and 3,) clearly reflect two different kinetic processes
originating from two distinct N recombination/desorption reaction channels. Assuming second-
order desorption kinetics since the B features are attributable to recombinative desorption, the
desorption energy, Eges, for the [, feature was estimated to be 108.7 kJ/mol using the method
developed by Chan and Weinberg [231]. This method was also used to estimate the
preexponential factor, vo = 9.3 x 10 cm” s™. In the calculation, the full width at % height (of the
desorption peak) was used instead of the full width at % height because at lower heights the
curve deviates from an ideal shape. Dietrich et al. [217] has calculated an activation energy of
130 kJ/mol for strikingly similar thermal desorption spectra following the adsorption of NH3 on
Ru(001) assuming first-order kinetics. Previous desorption data of N, from Ru(001) in which N
atoms were adsorbed by means of an atomic N beam yielded a desorption energy of 154 kJ/mol
[215] assuming second-order desorption. In both cases of the higher desorption energy, the initial
N coverage is roughly double the N coverage achieved in the present work on the Ru(109)
surface. The desorption parameters were not calculated for the 3; desorption state because of
experimental uncertainties in the deconvolution of the two desorption processes.

A feature very similar to the B; desorption feature has been observed in several other
thermal desorption studies on Ru(001) [34,144,169,217,219,221,232,233]. This desorption
feature in the range of 700 — 1000 K has previously been attributed to N adsorbates dissociated
by the steps regardless of the initial adsorption sites [34]. The difference reported here in the
desorption temperature range compared to the early results on Ru(001) containing random step
defect sites may be attributed to the different substrate structure as well as to the possible
contamination by C or O adsorbates in the early work which are reported to induce the B,

desorption peaks to shift to higher or lower temperature, respectively [214]. As has been pointed
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out by previous studies on the Ru(001) surface, the desorption feature similar to the 3; feature is
related to dissociative N, processes mediated by defect sites, steps, on the Ru(001) surface (~1%
of the overall surface sites) [34,35,207].

Finally, it is noted in Figure 55 that o;-N, may be converted to 3;-N by electron
bombardment. It was also observed in a separate experiment (data not shown) that 3,-N can be
produced from the a;-N; by replenishment of that state. Thus the appearance of the 3, state is
related to the coverage of atomic N and not to the molecular N, state from which it is produced

by electron bombardment.

4.5  CONCLUSIONS

The following conclusions have been revealed in this work: (1) The IRAS result indicates that
the bonding of N, on the atomically stepped Ru(109) surface is very similar to that observed on
the atomically smooth Ru(001), exhibiting a single infrared band for all coverages at ~ 2196
cm’; (2) From thermal desorption measurements, we observed three distinct molecular
desorption states (o, o, and o3) from the Ru(109) surface; The a,; feature above 150 K is
attributed to the desorption of N, adsorbed on the steps of the Ru(109) surface; (3) Electron
stimulated dissociation of the a-, a,-, and a3-N/Ru(109) species has been found to generate
chemisorbed N atoms which desorb as two desorption states, 3; and B; (4) The appearance of
two atomic N recombinative states (; and [3;) is shown to be dependent on the coverage of

atomic N produced from molecular a-N,.
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5.0 SITE-SPECIFIC DISSOCIATION OF N; ON THE STEPPED Ru(109) SURFACE

The information contained in this chapter is based on the following research publication:
Yu Kwon Kim, Gregg A. Morgan, Jr., and John T. Yates, Jr., “Site-Specific Dissociation of N

on the Stepped Ru(109) Surface.” Surf. Sci. 598 (2005) 14-21.

5.1 ABSTRACT

The dissociative adsorption of molecular nitrogen on Ru(109) is investigated by temperature-

programmed desorption (TPD) and low-energy electron diffraction (LEED). This surface

presents double-height steps separated by ~9-atom wide Ru(001) terraces. Thermal dissociation
of N, is shown to be site-specific to the steps leaving atomic N on the steps (step-N), while
electron-stimulated dissociation of N, adsorbed on Ru(109) can also provide atomic N on the
terraces (terrace-N) as well as on the steps. The corresponding activation energy for the
thermally-activated N,-dissociation on the steps is measured to be 0.26 + 0.05 eV. We postulate
that the steps on Ru(109) catalyze not only a unique reaction channel for the N,-dissociation but
also provide active sites during subsequent catalytic reactions by providing more stable

adsorption sites for dissociated N atoms.
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5.2 INTRODUCTION

Low-coordinated surface atoms, such as those at atomic steps on metal surfaces, have attracted a
great attention because they are generally believed to act as low-barrier reaction sites for
catalytic reactions [26,36,218,234]. For the Ru(001) surface, which has been studied as a model
catalyst for ammonia synthesis, random steps have been found to dissociate the strong N-N
bonds in N, molecules [34,235].

Ru(001) presents a low density of reactive steps of the order of few % [34] with
structures which are not clearly characterized and may vary for various types of steps depending
on their orientation [31]. In addition, even more defective structures such as kinks, or point
defects may exist as random defects on Ru(001). The low density of random steps on Ru(001)
tend to be susceptible to contamination. These facts may explain some of the contradicting
results on the dissociation energy barrier of N> on Ru(001), which varies significantly from 0.3
to 1.2 eV, depending on the experimental methods used [34,219,236]. In addition, large
variations in the theoretical predictions of the energy barrier (0.3-1.5 eV) exists for N,
dissociation, depending on the structure models as well as on the calculational methods
employed [120,237,238].

The dissociation probability for N, on a Ru(001) surface containing a low density of
atomic steps is reported to be of the order of 107 at 300 K [169]. Thus, other methods are
sometimes employed to produce atomic N surface species, using dissociative adsorption of NO
[31,224], or NHj3 [217], or using a hot filament [224], or an electron beam to dissociate
chemisorbed N, molecules [44].

Interestingly, despite these variations in dissociation methods, similar ordered phases

have been found for N/Ru(001) ranging from the well-ordered p-2x2 surface phase at 1/4ML-N
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[223], to some metastable phases of V3 x\3R-30" structure and the 1x1-structure as the N
coverage approaches 1 monolayer (ML) [214]. Strong repulsive interactions between N
adsorbates on Ru(001) are postulated to produce the ordered N phases [113].

Some interesting results have been reported for N, dissociation of the random atomic

steps present on a Ru(001) surface. A preferential accumulation of N atoms on the step sites

occurs at low N coverages and these step-bound N atoms exhibit activated diffusion to the

smooth terrace sites with an activation energy of 0.94 eV [224]. In this study, we employed the
Ru(109) surface with regularly-spaced rows of double-atom height steps separated by ~9-atom-
wide terraces to study N,-dissociation [42]. This surface involves about 12 % of the surface
atoms at the atomic steps facilitating a quantitative understanding of these sites for Nj
dissociation. In order to compare thermally-produced surface N atoms with those produced by
an artificial method, electron-stimulated dissociation of chemisorbed N, molecules has also been

studied.

5.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The general experimental conditions are
discussed in detail in Chapter 2 as well, but a few specific conditions are mentioned here.

For the thermal dissociation of N, on Ru(109), N3 (99.9999% pure) gas is further purified
by passing through several cold-traps installed in the gas line before introduction into the small
chamber designed for the high-pressure gas exposure and the resulting contamination is
maintained below 1-2% of a monolayer up to 10° L [IL = 1x107® Torr-s] of N, exposure, as
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confirmed from TPD as well as AES measurements. For the electron-stimulated dissociation
experiments, nitrogen molecules are dosed on to the stepped surface through the capillary array
doser. Then, stray electrons from the QMS are extracted to the Ru surface by biasing the crystal
to +100V, to give a uniform electron flux of 1.6x10™* A cm ™ at 170 eV energy. The resulting N
profile generated on Ru(109) was found to be quite uniform across the crystal surface, as

confirmed from the intensity of the N KLL peak at 380 eV.

5.4  RESULTS AND DISCUSSION

5.4.1 TPD of N/Ru(109) Prepared by Two Different Dissociation Methods

The TPD spectra taken for N/Ru(109), produced by the two different dissociation methods, are
shown in Figure 57. For thermally dissociated N (denoted as thermal-N hereafter) on Ru(109),
the desorption spectra show only a single broad component with its peak maximum shifting
from 730 K at the very low N coverage limit to about 600 K with increasing N coverages
(labeled as f;). A very similar N, desorption state can be also observed from N/Ru(109)
prepared by electron-stimulated dissociation of N, molecules adsorbed on Ru(109) at 150 K. In
addition to f;-desorption, another N-desorption state at 490 K (labeled S, ) grows
simultaneously when N, molecules are adsorbed on Ru(109) at 75-100 K and are subjected to
electron-stimulated dissociation at that temperature. The £, state is distinguished from f; by
almost no peak shift with increasing N coverages, as well as its narrow peak width. The TPD
spectra for molecular N, adsorption on Ru(109) are shown in the inset of Figure 57. At 75 K,

three molecular N, states (a;-a3 -N;) are formed.
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From the isotope exchange measurement reported previously [44], both desorption states
(f; and f3,) are confirmed to be due to recombinative N, desorption from atomic N adsorbates on
Ru(109), while the a;-a; desorption processes are related to the desorption of molecular N,.
Here we define f;-N and f,-N as those N atoms which desorb as the f; and f, states,
respectively. Information in ref. [44] shows that the appearance of f>-N is a consequence of the

coverage of atomic N.
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Figure 57: The TPD spectra for N/Ru(109) prepared by thermal dissociation of N, at 350, 400, and 500 K as
well as by electron-stimulated dissociation at 75 and 150 K. The inset shows the TPD spectra for saturated
N,/Ru(109) at 75 and 150 K. 1 L(Langmuir) corresponds to the N, exposure (sNz ) of 3.8x10" cm ™.
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We postulate that the f; process results from thermally or electron-induced N,
dissociation producing atomic N on the step sites of Ru(109) and that the £, process occurs only
for higher coverages of N atoms which may be artificially achieved by electron-stimulated
dissociation of molecularly-bound N».

In separate experiments (not shown here), the selective poisoning of atomic steps on
Ru(109) by carbon derived from ethylene (heated to 800K) completely suppresses thermally-
activated N, dissociation, or £;-N formation even at 500 K for N, exposures up to 10° L. This
step-poisoning method has also been shown to block the dissociative adsorption of CO on the

same Ru(109) surface [42].

5.4.2 Activation Energy Barrier for N, Dissociation on Ru(109)

Since the thermal dissociation of N, on Ru(109) generates only f,-N, the activation energy for
N, dissociation on the Ru steps can be obtained from the analysis of temperature-dependent

dissociation rates. Figure 58 shows the Arrhenius plot of the initial dissociative sticking

coefficient (Sp) of N, molecules on Ru(109) vs. 1/T. As shown in the inset of Figure 58, the S,

is obtained from the initial dissociation rate of N,, where the amount of dissociated N atoms are
calculated from the measured f; peak area of the TPD spectra. The activation energy for the
dissociation of N, on the Ru steps is determined to be 0.26 + 0.05 eV. This value is slightly
lower than the reported value of about 0.4 + 0.1 eV for N, dissociation on random step sites
present on Ru(001) (see the dotted line in Figure 58) [34].

Note in Figure 58 that the dissociation probability for Ru(109) is higher than that for
Ru(001) by a factor of ~10. The number of Ru step sites estimated from the structure model is

1.72x10'* cm™. Assuming that the number of Ru surface atoms is 1.39x10"° ¢cm 2, the surface
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step density is about 12 %.

Since the defective step density on Ru(001) is postulated to be

around 1 %, the increased dissociation probability for Ru(109) can, then, be readily related to

the increased number of ‘reactive sites’ provided by the steps.
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Figure 58: Arrhenius plot of the initial sticking coefficient for the thermal dissociation of N, on Ru(109) as a
function of 1/T. The result is compared with that of Chorkendorff [34] for the Ru(001) surface, which is
shown as the dotted line. The inset shows the plot of N coverage (Oy) vs. N, exposure (eNz).

The slightly lower, but apparent difference in the activation energy barrier for the Ru

steps on Ru(109) may be due to the double-atom height step nature of Ru(109) compared to

single-atom height steps. These may provide a more favorable dissociation channel through the

formation of a more stable N, transient state on the Ru steps. The early report that one type of
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steps are more reactive toward NO dissociation than another on Ru(001) [31] stresses the

importance of step structure in a specific reaction.

5.4.3 Comparison of LEED Patterns for (B; (+B2))-N/Ru(109)

Figure 59 shows a series of LEED patterns for N/Ru(109) compared to ;- and f>-N thermal
desorption, achieved by annealing the surface at two different nitrogen coverages; that is, the
one which has only the £; desorption state at low N coverages and the one with both £; and £,
desorption states at high N coverages. The LEED measurement is performed after sequential
annealing up to 200-400 K. TPD spectra taken after the LEED measurement indicate that there
is no noticeable change in the spectral shape of f; and f, before and after the LEED
measurement, indicating that annealing at 200-400 K does not desorb N as N,. In the case of
higher-coverage N, a half-order LEED streak is observed after annealing above 300 K (called
x2), whereas for low-coverage N, no half-order streak is apparent after 400 K annealing.

The appearance of the x2 feature in the LEED pattern is due to the ordered 2x2-N
superstructure on the terraces. This is analogous to the 2x2-LEED pattern for N/Ru(001) that
has been attributed to the 2x2 ordering of N adsorbates with 1/4 ML-N coverage at room
temperature [217,223]. Streaks instead of discrete spots are often observed for stepped surfaces
with narrow terrace width mainly due to the poor correlation along the direction perpendicular to
the rows of steps. The triplet-split integer spots running along the horizontal axis of the LEED
pattern in Figure 60b are characteristic features of the stepped Ru(109) surface with ~9-atom-
wide terraces separated by double-atom height steps along that direction [42].

The fact that the £>-N is related to the ordered 2x2 superstructure from the terraces while
the £;-N is not, can be explained by a model in which f,-N is associated with step sites and £,-N
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is associated with terrace sites forming a 2x2 ordered phase with a local saturation coverage of

1/4 ML on the terraces.

Comparison of LEED Profiles for N/Ru(109)
with or without the B, State in TPD
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Figure 59: (a) Comparison of TPD and LEED profiles for N/Ru(109) with both states (f; and £, ) (A) and
with only f8; state (B). A and B are obtained by exposing e~ flux of 1x10"° cm™*s' to Ru(109) either under
constant N, flux of 2x 10" em™%s™! for 4 min (A) or with pre-adsorbed N, with @y, of 1.5x10" em™? for 10 min
(B) at 150 K. LEED measurements in (b)-(c) are performed after subsequent annealing up to 200, 300, and

400 K, respectively.

This correlation is further confirmed in Figure 60, where the integrated intensity (Figure
60a and Figure 60d) of the f,-N desorption feature is shown to vary monotonously with the
normalized intensity of the “x2” LEED feature, and to be absent when only f;-N species are
present. These data show that the X2 intensity is directly proportional to the population of f,-N.

All the LEED measurements in Figure 60b-c are made after post-annealing up to 400 K to let
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terrace-N produce the %2 feature in LEED. TPD spectra taken after the LEED measurements
(see Figure 60a) indicate that the S, state increases gradually from C to H. The normalized
LEED intensity profiles for A-H are compared in Figure 60c. In Figure 60d, the normalized %2
peak intensities are plotted as a function of the S,-N coverages, which are shown as hatched

areas in Figure 60a.
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Figure 60: The TPD spectra in (a) as well as corresponding LEED profiles in (c) for N/Ru(109) with both
states (f; and f5;). All LEED measurements are made after post-annealing at 400 K, which is followed by TPD
measurement. A and B are obtained by exposing e~ flux of 110" cms™' to Ru(109) with pre-adsorbed N,

with 0N2 of 1.5x10" cm 2 for 3 (A) and 10 (B) min, respectively, at 150 K or under N, flux of 2x10" cm s~ for

2, 3,4, 6, and 10 min, respectively, for D-H. C is obtained from B after producing more N under the N,- and
e -flux for 30 s. The dotted line in (d) is to guide the eyes.
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Note also from the comparison of Figure 60a and Figure 60c that the %2 feature in LEED
is related to the f>-N instead of the total amount of atomic N adsorbates (f; + ). This fact
further corroborates the idea that the £,-N is the only N adsorbate responsible for the x2 feature
in LEED. The f;-N is not associated with the x2 feature.

Interestingly, the f;-N/ f>-N ratio does not change much by thermal treatment, despite

the facile diffusion of atomic N along the Ru terrace as is evident by the appearance of x2

feature above 300 K. This may be due to a possible high kinetic barriers for the diffusion of N

adsorbates between terrace and step.

5.4.4 Further Discussion on the Interaction of Dissociated N Atoms with the Step Sites

Judging from the above results, the step sites provide a more stable adsorption sites for
dissociated N atoms with higher recombinative desorption barrier than the terrace sites. That is,
the N atoms dissociated on the step sites are confined within the steps, instead of being diffused
away to the terrace sites; LEED patterns for N/Ru(109) with only f,-N indicate no apparent x2
feature up to the saturation N coverage of the f; state. The observed strong preference of atomic
N to the steps is also consistent with the early STM observation of NO dissociation on Ru(001),

which showed that the dissociative adsorption of NO leaves more N on the steps while O
diffuses away from the steps [31,224].
The above picture for the role of steps on Ru(109), however, is somewhat different from

that of Chorkendorff et al. [34] for Ru(001). The defective steps on Ru(001) were suggested to

be ‘a low-energy barrier recombinative desorption channel of atomic N’ in addition to ‘a low-

energy barrier N,-dissociation channel for populating the terraces with atomic N’ from the TPD
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study of N/Ru(001) with Au-passivated steps [34]. Our study indicates that the steps of Ru(109)
are more stable adsorption sites of N atoms as well as being specific dissociation channels for N
molecules. The above difference might come from a different nature of the step structure;
Ru(109) has double-atom height steps, while Ru(001) does not. Combined with the fact that the
N, dissociation takes place exclusively on the steps, however, our results suggest that the steps
on Ru(109) are the ‘active sites’ for the whole sequence of catalytic reactions that involve the
dissociation of N, molecules. By providing stable molecular N, (a;-N;) adsorption sites as well
as the low activation barrier channel for N, dissociation, the step sites may be directly involved
in the subsequent reaction of the dissociated N atoms causing N-H bond formation and NHj3

formation in the ammonia synthesis.

5.5 CONCLUSION

In conclusion, we have shown: (1) The N, dissociation on highly stepped Ru(109) is exclusively
specific to the Ru steps with the activation energy barrier of 0.26 £ 0.05 eV and; (2) The
dissociated N atoms are confined within the Ru steps, where the step-N atoms desorb
recombinatively as the f; state in TPD. By employing electron-stimulated dissociation of N,
adsorbed on Ru(109), it has been shown that the Ru terraces can also be populated with atomic
nitrogen at higher N coverages, which is identified by the clearly-resolved separate desorption
state (f,) in TPD as well as the clear x2 features in LEED, which features have not been
observed for the thermal dissociation of N,. The above experimental results shows the specific
role of the Ru steps as the low-barrier N, dissociation channel to populate N atoms in the Ru

steps, rather than the terraces.
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6.0 COMPARISON OF THE ADSORPTION OF N; ON Ru(109) AND Ru(001) - A

DETAILED LOOK AT THE ROLE OF ATOMIC STEP AND TERRACE SITES

The information contained in this chapter is based on the following research publication:
Gregg A. Morgan, Jr., Dan C. Sorescu, Yu Kwon Kim, and John T. Yates, Jr., “Comparison of
the Adsorption of N> on Ru(109) and Ru(001) — A Detailed Look at the Role of Atomic Step and

Terrace Sites” Surf. Sci. (2007), In Press.

6.1 ABSTRACT

We present a direct side-by-side comparison of the adsorption and desorption of nitrogen on the
atomically-stepped Ru(109) surface and the atomically-flat Ru(001) surface. Both infrared
reflection absorption spectroscopy (IRAS) and temperature programmed desorption (TPD) are
employed in this study, along with density functional theory (DFT). We find that the
chemisorptive terminal binding of N, is stronger on the atomic step sites than on the terrace sites
of Ru(109) as indicated by TPD and by a reduction of the singleton vibrational frequency, v(N),
by ~ 9 cm™, comparing steps to terraces. In addition, we find that metal-metal compression
effects on the terrace sites of Ru(109) cause stronger binding of N, than found on the Ru(001)

surface, as indicated by a reduction of the terrace-N, singleton vibrational frequency by ~ 11
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cm™ when compared to the singleton N, mode on Ru(001). These spectroscopic results,
comparing compressed terrace sites to Ru(001) sites and confirmed by TPD and DFT, indicate
that N, bonds primarily as a o-donor to Ru. Using equimolar °N, and "N, it is found that
dynamic dipole coupling effects present at higher N, coverages may be partially eliminated by
isotopically detuning neighbor oscillators. These experiments, considered together, indicate that
the order of the bonding strength for terminal-N, on Ru is: atomic steps > atomic terraces >
Ru(001). DFT calculations also show that 4-fold coordinated N, may be stabilized in several
structures on the double-atom wide steps of Ru(109) and that this form of bonding produces
substantial decreases in the N, vibrational frequency and increases in the binding energy,
compared to terminally-bound N,. These highly coordinated N, species are not observed by

IRAS.

6.2 INTRODUCTION

Infrared reflection absorption spectroscopy (IRAS) is an extremely versatile tool for studying
adsorbates on surfaces. The sensitivity to very small coverages of some adsorbates (< 0.01 ML)
as well as a potential resolution and frequency accuracy of < 0.5 cm™ makes IRAS a very useful
surface probe to explore the effects of site character on the properties of adsorbed molecules.
There have been extensive studies of the vibrational behavior of nitrogen adsorbed on single
crystal surfaces by means of IRAS [29,119,239-242] and high resolution electron energy loss
spectroscopy (HREELS) [115,228,229,243]. Regardless of the substrate, which previously has
included Ni [239-242], Pt [29], Ru [115,119,228,229], and Pd [243], adsorbed N, typically

exhibits a single vibrational band near 2200 cm™ due to the N-N stretching mode.
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Traditionally Fe has been used as an effective catalyst for the conversion of H, and N to
NH; by means of the Haber-Bosch process. There is, however, considerable interest in Ru as a
viable replacement for the traditional Fe catalyst since the promoted Ru catalyst is more efficient
than the Fe catalyst [113]. The Fe surface is more susceptible to blocking of the active sites by
an excess of nitrogen and poisoning by traces of oxygen [113]. Significant work has already
been reported on the adsorption of N, on Ru single crystal surfaces
[34,43,44,115,116,119,218,228,229,244,245]. The atomic steps present on the Ru(109) surface
have been shown to dissociate N, molecules with an activation energy of 25 kJ/mol [43]. This
process is very likely the rate-controlling elementary step in the activation of N, for catalyzed
reactions such as the ammonia synthesis.

This paper, which builds on our previous results on the adsorption and desorption of N,
on the Ru(109) single crystal surface [43,44], presents a direct side-by-side comparative study of
N, adsorption on a stepped Ru(109) single crystal surface and an atomically flat Ru(001) single
crystal surface in which the experiments were performed in the same apparatus under identical
experimental conditions. The Ru(109) surface presents double atom height step sites separated
by 9 atom wide terraces [42] and is an ideal surface for probing the role of atomic steps on
chemisorption. Significant differences are observed in both the thermal desorption as well as the
vibrational spectra of the N, adlayer on the Ru(109) surface compared to the Ru(001) surface.
The rather significant differences in the desorption and vibrational characteristics of chemisorbed
N, on the two single crystals are attributed to the presence of the step sites on the Ru(109)
surface.

The bonding of N, to the terrace sites on Ru(109) is stronger than the bonding on

Ru(001) as indicated by the singleton frequency, which has been found to be ~11 cm™ lower on
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the Ru(109) surface as compared to the Ru(001) surface. This is significant because it confirms
the long standing notion that N, is o-bonded to the Ru surfaces, since d back-donation would be

expected to show the opposite trend for the N, singleton frequency.

6.3 EXPERIMENTAL METHODS

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The experimental conditions are also
discussed in detail in various sections of Chapter 2. The infrared reflection-absorption spectra

were collected using 2 cm™ resolution averaged over 2000 scans.

6.4 THEORETICAL METHODS

The adsorption properties of N, on the Ru(109) surface have been also investigated with first
principles calculations using the Vienna ab initio simulation package (VASP) [190-192]. This
program evaluates the total energy of periodically repeating geometries based on density-
functional theory and the pseudopotential approximation. In this case the electron-ion
interaction was described using the projector augmented wave (PAW) method of Blochl [246] in
the implementation of Kresse and Joubert [247]. All calculations were done using the
generalized gradient approximation with the Perdew, Burke and Ernzerhof (PBE) exchange-

correlation functional [248].
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The Ru(109) surface and the adsorption of N, molecules on this surface have been
simulated using a symmetric slab model as indicated in Figure 61. The simulation supercell
contains two surface units along the <010> direction in order to minimize the lateral interactions
between adsorbates in the neighboring unit cells. In this model there are 84 atoms distributed
over six layers parallel to the (001) terrace. A vacuum width of at least 13 A (see Figure 61)
separates the neighbor slabs along the <109> direction. Our slab model also considers periodic
double Ru atom height step sites separated by 9 atom wide smooth Ru(001) terraces. This model
is consistent with previous experimental results [42] which indicate the existence of double atom

height steps due to reconstruction of the Ru(109) surface.
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Pictoral View of the Ru(109) Slab
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Figure 61: (a) Side and (b) top views of the Ru(109) slab model used in calculations. The model
contains double Ru atom height step defect sites separated by 9 atom wide smooth Ru(001) terraces. The
atoms at the step sites have been colored in different tones of green with the darker atom representing the

bottom of the step. The top view indicated in b) is represented in a direction perpendicular to the (001)
terrace. In this case the size of the atoms in the top layer is increased relative to atoms at deeper layers for
additional clarity.

The optimizations were performed by relaxing the coordinates of the adsorbate species
and of the Ru atoms in the first three layers of the slab (measured perpendicular to the (001)
terrace). The remaining atoms of the slab were frozen at the bulk optimized positions. Periodic
boundary conditions were used, with the one electron pseudo-orbitals expanded over a plane

wave basis set with a cutoff energy of 400 eV and a 1 x 5 X 1 Monkhorst-Pack grid of k-points
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[198]. Electron smearing was employed via the Methfessel-Paxton technique [195], with a
smearing width consistent with o = 0.1 eV. All energies were extrapolated to T = 0 K.

For the optimized adsorbed configurations we evaluated the corresponding Nj(a)
vibrational frequencies. This has been done under the frozen phonon mode approximation in
which the metal atoms were fixed at the relaxed geometries. The Hessian matrix has been
determined based on a finite difference approach with a step size of 0.02 A for the displacements
of the individual atoms of the adsorbate along each Cartesian coordinate. By diagonalization of
the mass-weighted Hessian matrix the corresponding frequencies and normal modes have been
determined. No scaling of the calculated vibrational frequencies has been used either for the gas
phase or for the adsorbed molecular species.

The computational method described above has been first tested by predicting the
equilibrium properties of bulk Ru and of the isolated N, molecule. Based on a gamma centered
k-point mesh of 15 x 15 X 6 we have determined the optimized equilibrium constants for bulk Ru
of a9=2.7258 A, c;=4.2987 A (co/ag = 1.577). These values compare well with experimental
values of agexp=2.7058 A, Coexp=4.2816 A (co/agexy=1.582), respectively [201]. Similarly, based
on optimizations of the isolated N, molecule in a cubic box of 12 A side we have determined an
equilibrium bond length of 1.117 A and a vibrational frequency of 2428 cm™ using the harmonic
approximation. These values are also very close to those of 1.11 A and 2413 cm™, reported
previously by Mortensen et al. [244] based on PWO91 DFT calculations. The calculated N-N
equilibrium bond length agrees very well with the experimentally determined bond length of
1.098 A, but the experimentally determined vibrational frequency of 2359 cm™ is much lower

than the calculated vibrational frequency [201].
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As a final test we have analyzed the adsorption energy and vibrational frequency of the
N, molecule on the Ru(001) surface at low coverages. This set of calculations has been
performed by using a (4x4) and a (3x3) surface supercell model with six Ru layers and a vacuum
width of 14 A. The N, molecule has been placed on one side of the slab and optimizations
included both the adsorbate and the Ru atoms in the top two layers of the slab. Our calculations
indicated only small variations in this regime of low coverages. Specifically the binding energy

decreases slightly from 53.72 kJ/mol at 9N2 = 0.063 to 52.97 kJ/mol at 9N2 = 0.11.
Correspondingly, the N-N vibrational frequency shifts from 2211 cm’ (GN2 =0.063) to 2209 cm’
: (GN2 = 0.11). These binding energies are close to the value of 45.28 kJ/mol at 6=1/4 ML
reported by Mortensen et al. [244]. Also, our calculated vibrational frequency at eNz = 0.063

resembles very well the experimental measurements as will be detailed later in this manuscript.
The good agreement obtained between our results related to bulk properties of the Ru
crystal, the isolated N, molecule, or N, adsorbed on the Ru(001) surface with either experimental
values or other high-level first principles calculations gives us confidence in pursuing the next
step of our study, namely the theoretical investigation of the interactions of the N, molecule with

the Ru (109) surface.
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6.5 EXPERIMENTAL RESULTS

6.5.1 Temperature Programmed Desorption Measurements

The desorption of the "*N; from the Ru surfaces was studied by means of TPD and the results are
shown in Figure 62. The desorption characteristics of '*Na/Ru(109) have been previously
discussed in detail and the results are reported elsewhere [44].

The N, desorbs in three distinct processes (a-, a,-, and a3-N,) from the Ru(109) surface.
The ;- feature develops initially with a maximum desorption temperature near 195 K and

gradually shifts downward to 184 K as the coverage increases up to 9N2 =0.11. As the coverage

continues to increase, a second desorption feature, o, develops near 154 K and shifts to 136 K

as the coverage approaches 6N2 = 0.28. As the coverage nears saturation, eNz = 0.37, a third

desorption feature, a3, develops at 115 K. The high temperature a,-feature is due to molecular
desorption from the step sites, whereas the a,-N; and o3-N, features are due to the molecular
desorption from the terrace sites [44].

The TPD spectra for '*N»/Ru(001) are significantly different from the TPD spectra for
N,/Ru(109), even though there are still three desorption features, which will be termed o-, o,
and o3- in accordance with the nomenclature used for the Ru(109) surface. The o;-N»
desorption feature from Ru(001) is relatively small compared to that on the Ru(109) surface and
is probably due to adsorption on random defect sites. In addition to this most obvious difference
in the o;-N, coverage, there are also subtle differences between the N, desorption spectra from
the Ru(109) and Ru(001) surfaces. At the lowest coverage, the a;-N, species desorbs from

Ru(001) with a maximum desorption temperature of 176 K. The a,-N, feature also develops
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from the lowest coverage on Ru(001) and the maximum desorption temperature shifts from 138

K to 125 K at 9N2 = 0.31 when the a,-feature saturates. The o;3- desorption feature again only
develops as the N, coverage nears saturation (GN2 = 0.39) and desorbs with a maximum

desorption temperature of 92 K. The area of the a;- and a,-features relative to the total area of
the desorption trace is plotted in the insets of Figure 62. The inset in Figure 62a clearly shows
that on Ru(109) the o;-state develops initially and after saturation of the o.;-state, the o,-feature
then begins to develop. However on the Ru(001) surface the o;- and a,-desorption processes

occur simultaneously as shown in the inset in Figure 62b.

TPD Spectra of “N, Adsorbed on Ru
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Figure 62: Temperature programmed desorption spectra of !N, adsorbed on (a) Ru(109) and (b) Ru(001) at
75 K. The area of the a,; and o, features relative to the total desorption area is plotted as a function of
coverage in the insets of both sets of desorption traces. The heating rate was 2.0 + 0.1 K/s.
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6.5.2 IR Spectral Development

6.5.2.1 N>-Ru(109)

The development of the infrared reflection absorption spectra for '*N, adsorption on
Ru(109) and Ru(001) at 75 K with increasing N, coverages is shown in Figure 63a and Figure
63b, respectively. The data in Figure 63a have been reported previously [44] and are shown here
for convenience in making comparisons between Ru(109) and Ru(001). It is noted that a single
infrared band is observed for all coverages of N, during adsorption at 75 K on both the stepped
Ru(109) surface (Figure 63a) and the atomically smooth Ru(001) surface (Figure 63b). The
vibrational frequency of this N-N band shifts downward from 2203 cm™ (singleton frequency) at
low coverages to 2197 cm™ at saturation coverage on the Ru(109) surface. In the coverage range

eNz =0.102 — 9N2 = 0.372, the absorption band sharpens and moves upward in frequency from
2197 cm™ t0 2198 cm™ at 9N2 = (0.253 before moving downward to 2197 cm’! at 9N2 =0.372.

In addition to the small shift in the frequency of the band, the spectral shape of the band

for N»/Ru(109) also changes as the coverage is increased. Up to a coverage of Oy, = 0.102 the

band is broad (FWHM, full width at half maximum = 10-14 cm™), but at coverages higher than

Ox, = 0.16 the band narrows down to ~7-8 cm’. The broad peak at low N, coverages may reflect

occupancy of multiple adsorption sites; i.e. the step and the terrace sites.
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IR Spectra of “N, Adsorbed on Ru(109) and Ru(001) at 75 K
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Figure 63: Infrared spectra of !N, after adsorption on (a) Ru(109) and (b) Ru(001) at 75 K. The resolution
is 2 cm™ with each spectrum being averaged over 2000 scans. (-)szalues are given relative to the available Ru

surface atoms, 1.37 x 10" em™ for Ru(109) and 1.57 x 10" em™ for Ru(001).

6.5.2.2 N,-Ru(001)

On the Ru(001) surface the lowest detectable coverage of nitrogen has a vibrational
frequency of 2213 cm™ (singleton frequency), which decreases to 2193 c¢m™ as the coverage
reaches saturation. The coverage induced shift of the N-N vibrational band on Ru(001) is
roughly -20 cm™, whereas on Ru(109) the overall shift was only -5 cm™ or so.

Up to a coverage of Oy , =0.039 on Ru(001), the N, vibrational band is much narrower

(FWHM < 5.5 cm™) than the N, vibrational band at low coverage on Ru(109). As the coverage
on the Ru(001) surface increases, the FWHM gradually increases up to a FWHM of about 10

-1 .
cm’ at saturation coverage.
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6.5.3 IR Spectral Changes Accompanying Thermal Depletion of Chemisorbed N,

6.53.1 N;-Ru(109)

Starting with near saturation coverage of nitrogen (6n,= 0.330 for Ru(109) and 6n,=

0.340 for Ru(001)) each layer was heated at 2.0 K/s to a designated temperature. Following the
programmed heating, the crystal was immediately cooled to 90 K over a period of 1-2 minutes
and the infrared spectrum was measured. The resulting N, coverage after the partial desorption
was determined by the area of the TPD spectra taken after the infrared measurements. Figure
64a and Figure 64b shows the results of the sequential IRAS measurements. At high N;
coverage, a single N-N vibrational band appears at ~2198 cm™ (following adsorption at 90 K) for
adsorption on Ru(109). As the N, is partially depleted by heating to 105 K the band begins to

broaden from an initial FWHM of 7.5 cm™ to 8.7 ecm™.
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Thermal Depletion of “N,/Ru Studied by IRAS
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Figure 64: Thermal depletion of (a) “N,/Ru(109) and (b) "“N,/Ru(001) studied by IRAS. The
resolution is 2 cm™ with each spectrum being averaged over 2000 scans. The nitrogen adlayer was
readsorbed prior to each thermal depletion experiment and each spectrum is recorded at 85 K. The coverage
of nitrogen was determined from TPD measurements following temperature programming to the indicated

temperature.

Above 120 K, the FWHM increases to ~11 cm™ and remains relatively constant until the

formation of a doublet feature is first clearly observed around 138 K (Ox, = 0.196). The low

frequency component (~2192 c¢m™) of the doublet initially develops as a shoulder on the high

frequency peak (~2199 cm™) at On, = 0.202. This shoulder continues to develop into a well-

resolved feature as the annealing temperature is increased stepwise, causing a continued

depletion of the N, adlayer. At a coverage of 6y, = 0.154 (achieved by heating to 158 K) the two

vibrational bands (2201 cm™ and 2192 cm™) of the doublet are nearly equal in intensity. The
high frequency mode begins to decrease in intensity as the coverage is further depleted by

additional heating, while the low frequency mode shifts to higher frequency. By 168 K (GN2 =

0.127) the high frequency mode is no longer detectable in the IR spectrum. The low frequency
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mode continues to shift higher in frequency and to lower integrated absorbance as the coverage

is decreased. Even after heating up to 186 K (GN2 = 0.016), there is evidence of a small amount

of molecular nitrogen remaining on the surface with a vibrational frequency near 2199 cm™. The
observation of the spectroscopic behavior of chemisorbed N, agrees with our TPD measurements

(Figure 62a), which indicate that on Ru(109) N, continues desorbing until ~200 K.

6.5.3.2 N>-Ru(001)
For Ru(001), the spectral developments during N, depletion differ significantly from
those observed for Ru(109). At near saturation coverage, 6N2 = 0.34, the N-N vibrational band

has a frequency of 2194 cm™. This band gradually shifts upward in frequency to about 2213 cm’

L at On ,= 0.073. Initially the band has a FWHM of about 10 cm™! and the band broadens to about
15 cm™ at 9N2 = 0.226. As the coverage continues to decrease as the adlayer is heated to higher

temperatures the vibrational band narrows down to 5 cm™. In the low coverage limit, the
singleton frequency is 2213 cm™. Significantly, the formation of two IR bands is not observed

for Ru(001) during depletion of the N, adlayer.

6.5.4 Vibrational Frequency Comparison of Ru(109) and Ru(001)

The change in the vibrational frequency of the two IR modes as the coverage decreases is plotted
in Figure 65a for Ru(109) and in Figure 65b for Ru(001). For Ru(109), the frequency prior to
the observation of the doublet remains relatively constant (near 2197 c¢m™) until the coverage

decreases to 9N2 ~ 0.20. At this point, the two IR components begin to be resolved, and as

coverage decreases both modes shift upward in frequency. In Figure 65b, on Ru(001), a gradual
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upward shift occurs in the frequency of the single mode as the coverage of N, is thermally

depleted. It is immediately evident that the shift in the v(N,) as the coverage decreases to zero is

~+5 cm™ for terrace-bound N, on Ru(109) compared to ~+20 cm™ for N, on Ru(001)

Measurements of CO production, by means of TPD and residual oxygen impurity by

AES indicate that neither C nor O impurities (< 1% ML level) could interfere significantly with

the infrared results for chemisorbed N,. The IR spectra do not reveal the small coverage of CO

contaminant detected by TPD.
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Figure 65: The change in the frequency of the vibrational bands as the sample is heated to increasing
temperatures is plotted against the coverage of nitrogen remaining on the surface for (a) Ru(109) and (b)

Ru(001).

6.5.5 Temperature Programmed Desorption Measurements After Heating

Some of the TPD spectra taken after the IR measurements in Figure 64 are shown in Figure 66a

and Figure 66b for Ru(109) and Ru(001), respectively. The desorption of N, from both surfaces
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following the partial desorption from the adlayer is nearly identical to the TPD spectra for

equivalent N, coverages obtained following the adsorption of N, at 75 K.

Temperature Programmed Desorption of “N,/Ru after Annealing
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Figure 66: Temperature programmed desorption spectra of N, adsorbed on (a) Ru(109) and (b) Ru(001) at
90 K and annealed to various temperatures. The heating rate is 2.0 + 0.1 K/s. The TPD trace of mass 14 was
measured so as to avoid interference for the 28 amu signals due to low levels of CO adsorption (< 1% of a
ML).

6.5.6 Comparison of Isotopic N, Vibrational Spectra in Pure and Isotopically Mixed
Layers on Ru(109)

The vibrational frequencies of the isotopic species on Ru(109) for pure '*N; or '°N, layers have

been compared with the frequencies for each isotopomer in a 50% - 50% mixture of isotopes.
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Small differences will indicate weak coupling effects which are expected to differ for '*N,-'*Ny,
PN,-"N,, and "N,-°N, interactions due to frequency mismatching in the 50% - 50%
isotopomer mixture. Since molecules of the same isotopic identity (i.e. vibrational frequency)
will couple strongly with each other, partial vibrational decoupling can be attained by using

isotopic mixtures [151].

IR Spectra of 50:50 MIxture of '4N2 and '5N2
Compared to Pure Isotopomer Layers
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Figure 67: Infrared spectra of "*N,, '°N,, and a 50:50 mixture adsorbed on Ru(109) and heated to 158 K. In
order to calculate the FWHM of the doublet features the maximum of the doublet was determined by
averaging the absorbance height of the two peaks, and the widths are determined at one-half of the average
absorbance. The resolution is 2 cm™ with each spectrum being averaged over 2000 scans.

Figure 67 shows a comparison of the pure isotopic layer to the mixed isotopomer layer at

identical surface coverages on Ru(109). The surface condition shown in Figure 67 has been
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achieved by heating the fully-covered surface to 158 K where the full development of the
doublet infrared spectrum is observed as shown in Figure 64a. Because of overlap of the various
spectral features in the '*N, + "N, mixture, the frequencies of the sharp absorption peaks
observed in the experimental spectra are employed in our analysis. We observe three key
spectroscopic characteristics of the '*N, + N, mixture compared to the pure isotopomer
mixture: (1) Modes centered midway between the pair of doublets are not present, indicating that
no "*N"N species due to dissociation and recombination are present on the surface. The lack of
such spectroscopic features also indicates the absence of strongly asymmetric and symmetric
coupled modes involving pairs of N, molecules on a single Ru atom (**N»-Ru-'""N;) on the
surface; (2) The four prominent vibrational modes for the N, + "N, mixture are 1-3 cm™ lower
in frequency than the comparable frequencies in the pure isotopomer layer; (3) The N, + PN,
layer exhibits low frequency shoulders on the '*N, and '’N; spectral components as shown by the

cross hatching, as well as by the increased FWHM of the composite spectral features.

6.5.7 Displacement of Adsorbed N, by CO on Ru(109)

A saturated layer of N, molecules was adsorbed on the Ru(109) surface and then annealed to 158
K to produce the characteristic doublet feature in the infrared spectra. The preferential
displacement of N, by the sequential addition of CO to this N, adlayer was observed
spectroscopically and the results are shown in Figure 68. CO is more strongly bound to Ru(109)
than is N, and will therefore displace the adsorbed N, species [228]. From the series of IR
spectra taken after successive additions of CO it is seen that the peak absorbance of both spectral

features diminish simultaneously. Note the higher rate of reduction of the high frequency
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spectral feature as shown in the insert of Figure 68. The concomitant development of the v(CO)

mode is observed in the 2000 cm™ region.

IR Spectra of “N,/Ru(109) as a Result of Displacement by CO
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Figure 68: Infrared spectra of '*N, adsorbed on Ru(109) and heated to 158 K. Following heating, the surface

was exposed to small, increasing amounts of CO. The resolution is 2 cm™ with each spectrum being averaged

over 2000 scans. The inset shows the change in the peak absorbance of each of the peaks of the doublet as the
coverage of CO increases.
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6.6 THEORETICAL RESULTS

Characterization of the chemisorption properties of N, molecules on Ru(109) surface has been
performed theoretically using the Ru[[941]x2[010]] slab model described in Section 6.4 (see

Figure 61). For all the results reported in this work the adsorption energies were calculated based
on the expression

Eads = Emolec + Eslab - E(molec+slab) (6 1)
6.6.1 Adsorption and Vibrational Properties of N, on Ru(109) Terraces

The calculated binding energies and the vibrational frequencies for an N, molecule adsorbed at
each site of the Ru(109) terrace are summarized in Figure 69. We have determined that in the
case of sites 2-8 of the (001) terrace (see Figure 69c) the N, molecule adsorbs perpendicular to
the surface at distances ranging from 1.971-1.989 A. In these cases the equilibrium N-N bond
distances have similar values in the range 1.134-1.135 A. One such representative configuration
corresponding to adsorption at site # 4 is indicated in Figure 69c. Additional configurations
exist in which N, is singly and multiply bound in various ways to the step sites of the Ru(109)
crystal (designated S1, S2, S3, and S4).

The variation of the binding energies for the individual adsorption sites along the terrace
sites is detailed in Figure 69a. From the data it appears that some variation in the binding
energies exists along the terrace, particularly for the edge sites of the terrace. Specifically, we
found that the edge sites of the terrace, i.e. sites # 1, # 2, and # 8, have smaller binding energies
than the middle sites 3-7 where a fairly narrow energy distribution in the range 57.3-59.0 kJ/mol
is observed. We note that these values compare very well to the theoretically calculated binding
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energy of 58.83 kJ/mol reported previously by Mortensen et al. [244] in the case of N,

adsorption at Oy, =1/3 coverage on the Ru(001) surface. Based on these results it can be

concluded that the molecule will possibly preferentially occupy the middle sites; i.e. 3-7, which

have the highest binding energies of the terrace sites.

DFT Results of the Binding Energy and
Vibrational Frequency of N, Ru(109)
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Figure 69: Variation of the (a) binding energies and (b) vibrational frequencies of N, molecule adsorbed at
different surface sites on Ru(109) surface. Labels 1-8, and S1, S2 correspond to individual sites along (001)
terrace and along the double step, respectively. Labels S3 and S4 denote the 4-folded binding configurations
of the N; molecule adsorbed along the step with orientations perpendicular, and parallel, respectively, to the
<010> direction as shown in Figure 70. Figure 69c illustrates two representative adsorption configurations,
i.e. on the terrace at site #4 and at the step site (S1) as obtained from independent calculations.
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Consistent with the small variation of the N-N bond distances, we found there is little
change in the v(N-N) stretching frequencies, particularly for the case of the most stable

adsorption sites on the terrace. In such instances the vibrational frequencies were found to vary

slightly from 2201.5 - 2203.0 cm™ (as indicated in Figure 69b).

6.6.2 Adsorption and Vibrational Properties of N, on Ru(109) Step Sites

The second set of adsorption configurations investigated in this study corresponds to adsorption
of an N, molecule at step sites on the Ru(109) surface. In this case we have identified two main
categories of states, among which the most stable are depicted in Figure 69c (configuration S1)
and Figure 70 (configurations S2, S3 and S4).

In the first group, corresponding to states S1 and S2, the molecule adopts a tilted
configuration relative to the (001) plane and binds by one end to the surface. The difference
between these two states is the location of the Ru atom involved in molecular bonding,
positioned at the top or the middle of the step, respectively. In the second group, represented by
states S3 and S4, the molecule binds parallel to the step surface with the molecular axis
perpendicular and parallel, respectively, to the <010> crystallographic direction. In these cases

both ends of the molecule are involved in bonding leading to the formation of four Ru-N bonds.
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Adsorption Configurations of N, on Step Sites
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Figure 70: Lateral and top view (perpendicular to the 001 terrace) of the adsorption configurations of N, at
the double step corresponding to (a) and (d) site S2 and (b) and (e) S3 configuration which is parallel to the
step plane and perpendicular to the <010> direction and (c) and (f) S4 configuration which is parallel to the
step plane and parallel to the <010> direction. In the S3 and S4 configurations the molecule is bonded to four
neighbor surface atoms.

The binding energies for states S1-S4 are also represented in Figure 69a. The largest
energies are obtained for the case of state S1 with a binding energy of 87.45 kJ/mol and for the
state S3 with a binding energy of 104.60 kJ/mol. By comparing these values to the results
obtained for adsorption on the terraces it can be seen that binding at step sites is more favorable
than binding at the terrace sites.

Adsorption at the step sites also leads to more pronounced modifications of the N-N bond

distances than those observed for the terrace sites. For example, we found that N-N equilibrium
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bond distance increases to 1.138 A for the case of the S1 state while bond lengths as large as
1.286 A and 1.265 A are obtained for S3 and S4 states, respectively. Concurrently with these
geometric changes the N-N vibrational frequencies are red shifted relative to the vibrations at
terrace sites. Specifically, for the S2 state the vibrational frequency is 2180 cm™ while
significantly lower frequencies of 1162 cm™ and 1249 cm™ are obtained for states S3 and S4,
respectively. Both these geometric and spectral changes indicate a weakening of the N-N bond
upon adsorption at the step sites relative to the terrace sites. This is particularly the case for the
most stable configuration we have identified at the step sites, i.e. state S3, which is a good
candidate for molecular dissociation with the formation of adsorbed N species. A final point we
have analyzed is the variation of the binding energy in the case when both S1 and S3 states are
populated. In this case, due to the close proximity of the two N, molecules which share a
common Ru atom the average binding energy of the N, molecule decreases to 77.40 kJ/mol
indicating the existence of repulsive interactions. This important decrease of the binding energy,
particularly relative to the energy of the S3 state, indicates that simultaneous population of both
S1 and S3 states is very unlikely.

Based on the results obtained in this and the previous sections it can be concluded that in
the regime of low temperatures, adsorption on both the terrace and step sites is possible. By the
increase in temperature the steps should become the most populated due to the increased N,
stability on steps relative to terrace sites. Consistent with this temperature evolution, the N-N
vibration signature will be modified from values in the range 2201-2203 cm™ as seen for
adsorbed species on the terrace, to 2180 cm™ or even lower to 1162 cm™, corresponding to the

adsorbed species at the step sites. The multiply-bound species corresponding to the S3 and S4
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configurations in Figure 70 would not have been observed experimentally because of the surface

dipole selection rule in reflection IR [151].

6.7  DISCUSSION

6.7.1 Desorption Energies of N, on Ru(109) and Ru(001)

Three separate desorption processes, as-; op-; and o-, for weakly-bound N, molecules on
Ru(109) have been observed here and in previous work [44]. The a-N, species have all been
shown to be molecular since they do not undergo isotopic mixing (‘*N, + "N, 2 2 "N'*N) on
Ru(109) [44]. Among them, the a,-N, state is attributed to the desorption of nitrogen from the
Ru step sites since the o —N, species is only observed on the stepped Ru surface and not on the
atomically flat Ru(001) surface in this work and in studies from other laboratories [228,230],
whereas the a, and o species are attributed to desorption from the terrace sites. The small o —
N3 desorption feature on the Ru(001) surface can be attributed to the small percentage of random
atomic step sites present on the Ru(001) surface due to crystal misorientation. The coverage of

N, desorbing as a; corresponds to 5.39 X 10" cm? (GN2 =0.034).

The a; and a, desorption peak temperatures at low coverages have been used to estimate
the activation energies for desorption using the Redhead method [168] with an assumed
preexponential factor of 10'* s, This method yields activation energies of 46.86 kJ/mol for the
o-process, 36.40 kJ/mol for the o, process, and 27.20 kJ/mol for the o3 process on the Ru(109)

surface. These desorption energies are slightly higher than those measured for the Ru(001)
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surface where the desorption energies have been calculated from the peak desorption temperature
in a similar fashion. The desorption energy of the o;-process on Ru(001) involving N, species
on random defect sites was determined to be 43.10 kJ/mol, whereas the desorption energy for the
o, and as features has been calculated from the peak desorption temperatures to be 33.47 kJ/mol
and 21.34 kJ/mol, respectively. The comparison of the theoretical desorption energies from the
DFT calculations and the Redhead analysis (assuming a preexponential factor of 10'2 s™') of the
data show that poor agreement is found. For the a; desorption process from the step sites of
Ru(109), differences ranging from 25 % to 220 % are found depending upon which of the S1 to
S4 states is used in the comparison. However the experimental trend of higher desorption
energies for the N, states bound to Ru(109) compared to comparable states bound to Ru(001) is

confirmed by the theoretical analysis.

6.7.2 The Singleton Vibrational Frequency of Chemisorbed N, on Ru

The vibrational frequency of an adsorbate molecule in the limit of very low coverage is termed
the singleton frequency. This frequency is characteristic of the adsorbed molecule in the absence
of intermolecular interactions and is indicative of the character and strength of the primary
chemical bond to the surface.

There are a variety of factors which determine the singleton vibrational frequency of a
diatomic molecule chemisorbed on a metal substrate. These factors shift the frequency from that
of the gas phase molecule to either higher or lower frequency. An upward shift from the gas
phase frequency is expected from the mechanical renormalization effect [151]. Here the infinite
effective mass of the substrate will cause the oscillator frequency to shift upward purely from the

effect of the added mass to the oscillator. In the case of chemisorbed CO this effect is calculated
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to be about +2.5% [151]. The mechanical renormalization effect is typically compensated by a
larger downward frequency shift attributable to several factors. In the case of adsorbed CO the
charge transfer as a result of the formation of a chemical bond with the surface will cause a
downward frequency shift [249,250]. The back donation of charge from the metal to the
adsorbed CO molecule, into the unoccupied 2m* orbital, stabilizes the metal-C bond and
destabilizes the C-O bond [251]. In addition, a downward singleton frequency shift will occur as
a result of the interaction of the dynamic dipole, 0u/0q, with its image in the metal substrate
[252,253].

These basic effects change as the CO coverage increases. Thus, vibrational coupling
between neighbor CO molecules causes an upward shift in the observed mode (symmetrical
coupling) as a result of direct interaction between the dynamic dipoles as well as interactions
with the image dynamic dipoles [90]. In addition, for increasing coverage, the increasing
competition for back-donating electrons from the metal, to enter the empty 2n* orbital, will
result in an upward shift in frequency [251,254].

It might be expected that the same general trends will occur for the adsorption of N, on
Ru surfaces since N, and CO are isoelectronic. A report by de Paola et al. suggests however that
back donation into the 2* orbital is of minor consequence and that c-electron donation to the Ru
surface is the major factor in N, chemisorptive bonding [119]. The frequency of '*Ny(g) is 2359
cm™ [201]. Thus, the adsorption of N, on the two Ru surfaces produces rather large decreases
(~-8%) in the singleton oscillator frequency from the mechanically renormalized frequency
(which will be above the frequency of gas phase N, at 2359 cm™). A different chemical effect
on the N, vibrational frequency (added to the image effect) is the cause of the difference between

the singleton mode frequency of 2202 cm” (Ru(109)) and 2213 cm™ (Ru(001)) and the
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mechanically renormalized N, frequency above 2359 cm™. The singleton frequency of 2202 cm’
" on Ru(109), which is 11 cm™ below the singleton frequency on Ru(001), indicates that the Ru-
N, bond is stronger for isolated N, molecules on the Ru(109) terrace sites compared to isolated
N, molecules on Ru(001). This observation is in agreement with the comparison from thermal
desorption results described above; both the thermal desorption measurements and singleton
vibrational frequencies indicate that N, bound to terrace sites of Ru(109), is more strongly
bound than N, bound to the smooth Ru(001) surface.

It is interesting to compare the N, singleton frequency experimentally observed in this
work on Ru(109) terraces and Ru(001) with the frequency calculated by DFT and displayed in

Figure 69 (GN2 =0.11). This comparison is summarized in Table 2. For terrace sites on Ru(109)

labeled 2-8, an N, stretching frequency in the range 2197 — 2203 cm’ is calculated (no N»-N,
interactions) which compares very favorably with the measured singleton frequency of 2202

cm™. On the Ru(001) surface the singleton frequency (at 9N2 =0.063) was calculated to be 2211

cm™. This value also agrees exceptionally well with the experimentally determined singleton

frequency of 2213 cm™. This high level of agreement between the calculated vibrational
frequencies and the experimental values might be a fortuitous result as the current set of
vibrational frequencies have been done only in the harmonic approximation and consequently no
anharmonic effects have been included. Nevertheless, the trends of vibrational frequencies
calculated on Ru(109) versus Ru(001) are very similar to those observed experimentally. This
observation suggests that adsorption of N, at 85 K initially populates the terrace sites of Ru(109)
and that the infrared band splitting observed upon heating the fully-covered surface to produce a
partially-covered surface (Figure 64a and Figure 65a) is due to a redistribution of a fraction of

the N, molecules to the step sites. In addition, the lower singleton frequency for N, adsorption
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on Ru(109) terrace sites compared to N, on Ru(001) indicates that N, bonding to Ru primarily

involves G-electron donation to the metal rather than back donation into 27" orbitals of No.

Table 2: Comparison of N, Singleton Frequencies on Terrace Sites of Ru(109) and on Ru(001)

Ru(109) Ru(001)
Singleton Frequency - Terraces Singleton Frequency
Upon Adsorption | Upon Desorption Upon Adsorption | Upon Desorption
Experimental 2203 cm™ 2201 cm™ 2213 cm™ 2213 cm™
Theoretical 2200+ 3cm™ 2211 cm™

6.7.3 Coverage-Dependent Shifts in the Vibrational Frequency of N; on Ru

For increasing coverages of N», both the Ru(109) and the Ru(001) surfaces exhibit a decrease in
v(N3). This has been noted before for Ru(001), where shifts of -40 cm™ (HREELS [115]) or of -
20 cm ' (IRAS [119]) are reported over the full range of coverage. Our measurements (Figure
63b) indicate that a shift of -20 cm™ takes place on Ru(001) as coverage increases in agreement
with Ref [119]. Based upon theoretical arguments, the contribution of dynamic dipole-dynamic
dipole interactions between N, molecules to the frequency shift at saturation coverage will be
+12 cm™' [228]. Thus, the total shift Av(chemical) = -32 cm’ may be estimated for Ru(001). A
similar analysis (based on the depletion experiments of Figure 65a) of the coverage-dependent
shift of v(N,) on Ru(109) for N, molecules adsorbed on the terrace sites yields Av(chemical) = -
16 cm™ for the completion of the monolayer, assuming the same +12 c¢m™ contribution of the
dynamic dipole interaction effect. If, because of limited long range interactions, the dynamic
dipole interaction effect is smaller on the narrow terraces of Ru(109) compared to the infinitely-
wide Ru(001) surface plane, then the absolute magnitude of Av(chemical) will be even less than

170



16 cm™ on Ru(109). The smaller Av(chemical) observed on the stepped Ru(109) surface
compared to Ru(001) suggests that the competition between N, molecules to donate c-electrons
to the metal is less dependent on coverage on the stepped surface. The reason for this difference
is currently unknown. A similar frequency shift (-8 cm™) from a singleton frequency of 2201
cm’ is observed for N, adsorption on Ni(110) as the N, coverage increases to its saturation limit

[241].

6.7.4 Multiple N, Vibrational Bands on Ru(109)

Figure 64a clearly shows that upon heating the Ru(109) surface, previously saturated with N, to
temperatures in the range 136 K -174 K, a spectroscopic doublet is observed to form as partial
desorption of N; occurs. The two bands are due to the presence of N, molecules adsorbed
together on terrace sites and on step sites. As the N, coverage decreases from saturation,
intensity sharing effects diminish and the low frequency band near 2192 cm™ becomes resolved
from the high frequency band at about 2201 cm™. It is likely that migration of N, molecules
from the terrace sites to the step sites occurs during heating and that annealing of the layer
produces ordering of the surface species. The ~10 cm™ difference in v(N,) for the step and
terrace sites is in close accordance with the ~ 20 cm™ difference calculated by DFT for the two
types of sites, as summarized in Figure 69.

As the N coverage is further decreased by heating to above 174 K, the high frequency
component of the doublet preferentially decreases, as may be seen in Figure 64. This indicates
that N, desorption from terrace sites occurs preferentially, leaving Ny-occupied step sites in
accordance with the thermal desorption measurements which show that o;-N, is the last

desorption process to occur during TPD from Ru(109) (Figure 62).
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The assignment of the low frequency mode to the step sites on Ru(109) was confirmed by
CO displacement experiments in Figure 68. Here, starting with the annealed and partially
depleted N, layer, which exhibits the doublet feature, it was found that the high frequency N,
species was preferentially displaced at 90 K by more strongly bound CO molecules. Thus, the
low frequency N, species are more strongly bound and may be confidently assigned as step-
bound N species, based on five criteria developed in this study: (1) The low v(N;) compared to
terrace-bound Ny; (2) The higher activation energy for desorption; (3) The greater propensity for
removal by CO displacement; (4) The agreement of the observed vibrational frequency with that
calculated for terminally-bound N, on the step sites; and (5) The absence of evidence for a

spectroscopic doublet at any N, coverage on the Ru(001).

6.7.5 Studies of Isotopic N, Species Coadsorbed Together on Ru(109)

The high frequency accuracy of IRAS allows one to probe the subtle spectroscopic effects which
occur when surface oscillators are slightly detuned from each other by means of isotopic
labeling. The dynamic dipole-dynamic dipole interactions will be lower for isotopically-detuned
oscillators compared to isotopically-tuned oscillators. In Figure 67 one may compare the
spectrum of pure '*N; and pure "°Nj, with a 50% - 50% isotopic mixture of the two isotopomers
at the same coverage, where the doublet v(N;) spectrum is observed. Three observations may be
made: (1) The mixed isotopic layer does not show absorbance between the two doublets
characteristic of the two isotopomer N, species, indicating that (a) N, dissociation and formation
of N'*N does not occur; and (b) that species such as "N,-Ru-"°N; are absent; (2) The 50%-50%
layer exhibits 4 peak frequencies which are each shifted by 1-3 cm™ to lower frequency

compared to the isotopically pure layers of the same total coverage. This indicates that dynamic
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dipole coupling effects (causing upward frequency shifts) are smaller for the mixed isotopomer
layers as a result of oscillator detuning, an expected result. (3) The FWHM of the doublet
features in the 50%-50% isotopomer mixed layer is larger than for the isotopomer pure layer,
indicating that local isotopic inhomogeneity effects are being observed, where a statistical
fraction of the isotopic molecules sense an environment containing more than 50% of the
opposite isotopomer and hence suffer even smaller upward shifts due to dynamic dipole

coupling.

6.7.6 N, Bonding to the Ru(109) Terrace Compared to Ru(001) — The Role of o-donation

The presence of atomic steps on Ru(109) is expected to alter the electronic character of the
terrace sites located between the nine atom wide steps, making the terrace sites less reactive
toward CO than the Ru(001) plane. This is due to the lateral compressional effect of atomic step
sites on the confined terraces bounded by atomic steps [255-260]. While there is no
experimental structural evidence available for Ru(109) indicating that lateral compression exists,
there is experimental and theoretical evidence for this effect (for CO bonding) on other metals
[255-260]. The step edge atoms undergo an inward displacement to enhance their coordination
with other metal atoms. This places the confined terrace metal atoms under compressive stress
and causes their reactivity toward CO to be reduced as a result of the compression, causing
increased filling of the antibonding metal d-band orbitals [45,261] compared to the Ru(001)
surface.

Our experimental comparison of the reactivity toward N; on the terrace sites of Ru(109),
compared to the Ru(001) surface are opposite to the above expectation for CO bonding. Thus,

for both a,-N, and a3-N,, the experimentally measured peak desorption temperatures and the
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activation energies for desorption from the terrace sites are higher for Ru(109) compared to
Ru(001) (Figure 62). Also, the singleton frequency for N, is ~10 cm’ lower for adsorption on
the terrace sites of Ru(109) compared to Ru(001) (Figure 63) indicting stronger binding of N, on
Ru(109) terraces. This comparison therefore indicates that chemisorptive N, bonding occurs as a
result of o-N, donation to the metal (with minimal back-donation into the 2n orbital), and
considerations of the involvement of metal d electrons do not apply. This conclusion is in
agreement with the concept developed by de Paola et. al. [119] indicating that N, should be

considered as a 6-donor molecule in its chemisorption on transition metals.

6.7.7 Highly Coordinated N, Bonding to Step Sites on Ru(109)

In addition to the terminally-bonded N, species detected spectroscopically in this work, the DFT
calculations indicate that more highly coordinated N, species will also be present on the step
sites of Ru(109). Thus, species S3 and S4 (Figure 70) involve 4-fold coordination of N to step
sites, causing the production of more strongly-bound low frequency species which would not be
seen by our IRAS measurements. We are not able to determine whether the desorption of a-N;
from Ru(109) involves these highly coordinated species. However, it is likely that these 4-fold

coordinated N, species are involved in the activated dissociation of N, on Ru(109) [43].

6.8 CONCLUSIONS

The following observations have been made in a detailed comparison of N, chemisorption on the

atomically-stepped Ru(109) surface with the Ru(001) surface.
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(1). Thermal desorption from the atomic step sites on Ru(109) evolves N, in a well
resolved high temperature o;-N; desorption state near 200 K, which is not observed on Ru(001),
except for a small coverage of this state due to random defect sites.

(2). Adsorbed N, on the step sites of Ru(109) exhibits a v(N,) mode which is ~ 9 cm™
below the mode associated with N, on the terrace sites, indicating stronger terminal bonding of
N to step sites compared to terrace sites. This is verified by DFT calculations of the binding
energy and vibrational frequency of terminally-bonded N,.

(3). Desorption experiments clearly show the preferential retention of terminal step-
bound N, to higher temperatures after desorption of terrace-bound N, has occurred from
Ru(109).

(4). Dynamic dipole-dynamic dipole interaction effects are clearly observed as the N,
coverage is increased on Ru(109), and studies of mixtures of "N, and "N, show that partial
vibrational decoupling may be achieved by detuning using these isotopomers.

(5). The bonding of N, to terrace sites on Ru(109) is stronger than on Ru(001) as
indicated by the singleton v(N,) frequency, the thermal desorption measurements, and DFT
calculations. These observations indicate that N, is primarily o-bonded to the Ru surfaces, since
d-back donation into antibonding 21" CO orbitals would be expected to show the opposite trend
in bonding.

(6). DFT calculations indicate that in addition to more strongly-bound terminal N,
species, the atomic step sites also stabilize multiply coordinated N, species which would not be
visible in IRAS. These species may represent the precursors to N, dissociation on Ru atomic

step sites.
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(7). The order of chemisorption bond strength of N, to Ru surface sites is: atomic steps >

atomic terraces > Ru(001)
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7.0 INTERACTION OF LI WITH ATOMIC STEPS ON RU:

COMPARISON BETWEEN Ru(001) AND Ru(109)

The information contained in this chapter is based on the following research publication:
Yu Kwon Kim, Gregg A. Morgan, Jr., and John T. Yates, Jr., “Interaction of Li with Atomic
Steps on Ru: Comparison between Ru(001) and Ru(109)” Chem. Phys. Lett. 431 (2006) 313-

316.

7.1 ABSTRACT

The interaction of Li with Ru was investigated on Ru(001) and Ru(109) using work function
measurement, temperature-programmed desorption (TPD) and low-energy electron diffraction
(LEED). Strong depolarization effects for Li atoms at atomic step sites are observed, causing the

dipole moment of a chemisorbed Li atom at the limit of zero coverage to decrease from 10 D to 6
D. In contrast to the (nxn) incommensurate Li structures observed on Ru(001), the Ru(109)
surface does not produce any ordered Li structures. In addition, the thermal desorption kinetics

for Li from Ru(001) is virtually identical to that from Ru(109) at all coverages.
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7.2  INTRODUCTION

The adsorption of alkali metals on metal surfaces has been widely studied [262]. This work has

been motivated by the enhancement of thermionic emission upon the adsorption of alkali metals

as well as by a variety of promotional effects in various catalytic reactions [263,264]. The

understanding of alkali metal interactions with metal surfaces has been acquired over decades
[122,123]. The general picture, based on the Langmuir-Gurney model, still governs our basic

understanding [123]. In this model, partial charge transfer from alkali atoms to the metal

substrate occurs. As the alkali metal coverage increases, depolarization effects set in causing a

reduction in the dipole moment of the alkali atoms. While the above simple picture generally
holds true, the detailed adsorption sites for alkali atoms vary significantly depending on the

identity of the alkali atom as well as the structure of the substrate [265]. Interestingly, some

recent studies indicate that catalytic promotional effects of alkali metals can be enhanced on

atomically stepped metal surfaces [266-269]. Our recent study also shows that Li promotes the
dissociation of the C-O bond on stepped Ru(109) at 85 K [270].

This report is focused on a comparative study of the interaction of Li with two different
Ru single crystal surfaces, Ru(001) and Ru(109), to obtain an insight into the way Li interacts
with Ru steps. Ru(109) presents about 12% double-atom height atomic steps separated by (001)
terraces of 9 atom width [41,42], while Ru(001) has nominally less than 1% random defective
steps. Our results indicate that Li interacts with Ru steps on the stepped Ru(109) surface from a

very low Li coverage even when deposited at 85 K.
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7.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The various experimental conditions are
also discussed in various sections Chapter 2.

A commercial Kelvin probe system (Besocke Delta Phi GmbH) was used to measure the
work function change of the Ru crystal surfaces after each Li deposition and the work function

change was plotted against Li coverage.

74  RESULTS

Figure 71 shows the resulting work function change, Ag, for Li adsorption on clean Ru(001) and
Ru(109) surfaces, respectively. The results indicate there is no meaningful dependence of the
work function behavior on the substrate temperature (85 - 450 K) on Ru(109) within our
measurement errors. The curves for both Ru crystals are typical for alkali metal adsorption on
transition metal surfaces. The initial linear decrease to Li coverages of ~0.2 ML is followed by
non-linear behavior to partial monolayer coverage, resulting in a minimum. Beyond this
minimum, the work function change rises to the same level for both surfaces which is ~3.2 eV
below that of the clean surface. Note that the initial slopes for the two Ru crystals are clearly
different (see the inset for the initial slope difference in the low Li coverage regime). The
measured initial slope for Ru(109) is 12 = 1 eV/ML, while that of Ru(001) is 23 + 1 eV/ML.
Note also that the maximum negative shift for Ru(109) is -3.8 + 0.2 eV, while that for Ru(001) is

-45+0.2¢eV.
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Work Function Change of Ru versus Li coverage:
Comparison between a Flat and a Stepped Ru surface
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Figure 71: Work function change of Ru against Li coverage. The 6,; is calculated from a area of Li TPD
peaks, where the onset of the second-layer Li desorption peak is set to 1 ML.
The lines are drawn to guide the eye.

The Li TPD spectra from the two Ru crystals are shown in Figure 72. The spectra for Li
on both Ru crystals show typical desorption features of alkali metals adsorbed on metal surfaces.
At the lowest Li coverage, the desorption peak appears at around 1000 K as a single broad
feature. As the Li coverage increases, the desorption feature expands toward lower temperatures
and the maximum peak temperature also shifts continuously toward lower temperatures until a
sharp Li desorption peak starts to develop at 550 K. Note that the leading edge of the sharp Li
desorption peak closely follows the Li TPD curve calculated from the Li vapor pressure curve, as
shown as a dashed line in Figure 72. The Li coverage at which the sharp Li desorption peak is
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first observed indicates the saturation of the first monolayer of Li on the Ru surfaces (1 ML). It
is noted that the desorption kinetic behavior of Li on the two surfaces is remarkably similar.
This suggests, in the low coverage limit, that random steps on the Ru(001) surface may govern
the activation energy for desorption, since the Ru(001) and Ru(109) data do not show significant

differences in behavior.

Thermal Desorption of Li from Ru Surfaces
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Figure 72: TPD spectra of Li (mass 7) obtained from Li adsorbed on Ru(001) and Ru(109), respectively. Li
was deposited on Ru at 85 K. The dotted line is calculated from Li vapor pressure curve.

LEED patterns for Li overlayers grown on the two Ru crystals at 85 K are shown in
Figure 73 at submonolayer Li coverages. The results on Ru(001) are quite consistent with early

reports [155,271]. A very sharp and clear V3 x\3 pattern is obtained at ~0.4 ML [155] and a
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series of incommensurate nxn phases at higher Li coverages up to 1 ML are also observed on
Ru(001) [271].

LEED Patterns of Li/Ru at Various Li Coverages:
Comparison between Ru(001) and Ru(109)

Li/Ru(00# Li/Ru(001)

Li/Ru(109) ' Li/Ru(109)

Figure 73: LEED patterns for Li/Ru(001) and Li/Ru(109) in the submonolayer Li coverage regime.

For the Ru(109) crystal, at zero coverage, triplet diffraction beams are seen, indicative of

the stepped crystal structure [42]. Note there is no Li-induced superstructure formed on the
stepped Ru(109) surface throughout the whole Li coverage range under investigation (up to 1

ML). No additional LEED beams are observed due to Li deposition. Instead, a gradual increase

of background intensity with increasing Li coverage is observed.
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While there is no meaningful variation in the LEED pattern for Li/Ru(109), Figure 74a
and Figure 74b show a subtle change in the intensity profile of the triplet diffraction beams

depending on the Li deposition temperature when the Li coverage is ~0.03 ML. The change is

quite evident from Figure 74c, which indicates a sudden change in the intensity ratio of the two
diffraction beams (P,/P;) at around ~120 K at the very low Li coverage regime. Note, however,
that the temperature-dependency of the intensity ratio vanishes at Li coverages above 0.05 ML

and shows no temperature-dependence (see Figure 74d).

LEED Line Profile Analysis for Li/Ru(109)
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Figure 74: (a) LEED patterns from Li/Ru(109) (6,; = 0.03 ML) at the deposition temperature of 85 K
as well as after subsequent flash to 300 K. (b) Intensity profile along the line b in (a) with increasing flash
temperatures. (c) The peak intensity ratio (P,/P,) as in (b) against the flash temperature at two 6;; = 0.02 and
0.04 ML. (d) The ratio (P,/P;) against Li coverage at two different

Li deposition temperatures of 85 and 300 K.
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7.5  DISCUSSION

From Figure 71, two notable differences between Ru(001) and Ru(109) can be found in the work
function change curve: (1) the initial slope; and (2) the maximum negative shift are higher on
Ru(001) than on Ru(109).

Based on the prevailing general picture [122,123], the observed differences between
Ru(109) and Ru(001) are explained by the different Li-induced surface dipoles on both Ru
crystals. From the measured initial slopes in the very low Li coverage range (6;; < 0.1), we
measured the initial dipole moment of Li (x) on Ru(109) and Ru(001) to be ~6.0 D and ~10.0
D, respectively, using the analysis methods given in an early review [122]. A schematic picture

comparing Li on the two surfaces is given in Figure 75.

Schematic Reduced Dipole Moment
for Li atoms Bonded to Atomic Step Sites

Reduced dipole

\ N
6, —0

M,=10D L,=6D

(a) Li/Ru(001) (b) Li/Ru(109)
Figure 75: Schematic of the adsorption of Li on Ru(001) and Ru(109) at low Li coverages.

The smaller Li-induced dipole moment on Ru(109) is the result of Li interacting with Ru

steps. The lack of change in the initial slope of the Ap vs. 6;; curve over the temperature range
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from 85 - 450 K indicates that Li migrates to the step sites at T > 85 K. The facile Li migration
on Ru(001) at low temperature is suggested from a diffusion barrier measurement on Ru(001)
[272]. One may also rationalize the preference of Li to adsorb at metallic steps from a tendency
of ionic alkali metals to occupy high-coordination sites. While there is no dependence of

dAp/dO;; at temperatures above 85 K, indicating that Li migration to the step sites has occurred

by 85 K, the subtle change in the LEED peak intensity ratio (Ip,/Ip,) at ~120 K, indicates that

activated Li migration occurs along the step sites at a temperature which is above the
temperature needed for Li atom migration across the terrace sites.

The reduction of the initial zero coverage dipole moment (uo) of Li from 10 D to 6 D
when the Li atom migrates to an atomic step site may be related to two effects: (1) The Li atom,
bound at the base of the step site interacts with negative charge density present at the step
(Smoluchowski smoothing effect [165,273]), to result in depolarization of the Li atom, which
effect may be further enhanced by the double atom height nature of the Ru step [42]; (2) The
proximity of the metal surface of the step edge and the Li atoms provides a region for Li dipole
depolarization due to the image charge effect.

For the two values of uo, differences in the one and two-dimensional geometries of step

sites and terrace sites should not contribute at infinite dilution, but at higher coverages, Li dipole-
dipole depolarization effects should differ.

The work function change due to Li adsorption, Ag, approaches the same value of about -
3.2 eV on both Ru crystals at §;; ~ 1 ML. Here the mutual interaction between Li atoms
becomes dominant and induces depolarization, and the influence of substrate structure becomes

less important at the high Li coverages.
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On Ru(109), the maximum negative shift is achieved at a higher Li coverage (~0.6 ML),

while on Ru(001), the work function minimum is located near 0.5 ML. This effect may also be

due to structural differences in the Li layer at intermediate coverages on the two surfaces, as well

as to the lower dipole moment of Li atoms at the atomic step sites.
The absence of Li-induced superstructures on the stepped Ru(109) may be explained
from the anisotropic repulsion between Li atoms on Ru terrace planes. On Ru(001), the

repulsion between Li atoms is isotropic since the (001) plane is assumed to be large enough to

ignore the effect of random defective Ru steps. Ru(109), however, has narrow Ru terrace planes,

which are 11.5°-off the surface normal. One boundary of the narrow Ru(001) terrace plane of

Ru(109) is bounded by a Ru step and the other end is open space. Li atoms on Ru terraces are
bounded on one side by the Ru atomic step while on the other side, the boundary is open. It is
intuitively inferred that the anisotropic repulsive interaction would prevent Li atoms on Ru

terraces from forming any isotropic ordered phase, in contrast to that observed on Ru(001).

7.6  CONCLUSION

The following effects have been observed for Li adsorption on an atomically stepped Ru(109)

surface compared to the atomically smooth Ru(001) surface.

Li atoms migrate at ~85 K across Ru(001) terrace sites to the atomic steps on Ru(109).
At about 120 K, Li atom rearrangements are observed for Li adsorbed on step sites.

The dipole moment at the limit of zero coverage for a Li atom bound to an atomic step is

6 D, compared to 10 D for a Li atom on a planar Ru(001) surface. This is attributed to
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depolarization effects for the Li dipole in the vicinity of Ru metal atoms present at the atomic

step site.

Long range repulsive isotropic forces between adsorbed Li atoms on Ru(001) result in
the production of a range of incommensurate Li adlayers observed by LEED. At similar Li
coverages on atomic terraces of Ru(109), no overlayer LEED structures are observed due to the
anisotropy of repulsive forces expected due to the presence of step sites which interrupt the
Ru(001) terraces.

The presence of ~12% of atomic step sites causes very little variation in the observed

kinetics of desorption of Li at all coverages, comparing Ru(109) to Ru(001).
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8.0 UNEXPECTED LOW-TEMPERATURE CO DISSOCIATION

ON Ru BY Li PROMOTER ATOMS

The information contained in this chapter is based on the following research publication:
Yu Kwon Kim, Gregg A. Morgan, Jr., and John T. Yates, Jr., “Unexpected Low-Temperature

CO Dissociation on Ru by Li Promoter Atoms” Chem. Phys. Lett. 422 (2006) 350-353.

8.1 ABSTRACT

The dissociation of CO molecules on a stepped Ru surface in the presence of Li promoter atoms
is probed by reflection-absorption infrared spectroscopy (RAIRS). We find that even at 85 K, Li

adsorbate atoms cause the rupture of the C—O chemical bond.

8.2 INTRODUCTION

The coadsorption of carbon monoxide with alkali metals has been widely studied on a variety of
transition metals [263], primarily to study promotion effects in a variety of catalytic reactions.

The general picture of the promotion effect is that the molecular C-O bond is weakened, while
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the metal-CO bond becomes stronger in the presence of alkali metals [274]. The detailed
description of the above effect involves various models including the charge transfer mediated
by the substrate [151,275], direct bonding interaction through complex formation [276], and
electrostatic interaction [120,277,278].

The weakening of the C—O bond often leads to the enhancement of the CO dissociation
probability on some metal substrates (Pd, Ru) [126,127], which can be detected by CO
intermolecular isotope scrambling [109,124,279]. The formation of carbon dioxide from CO
adsorbates has been also reported, suggesting CO dissociation on some transition metals (Cu, Ni)
under elevated substrate temperatures and at critical alkali metal promoter coverages [280-282].
For most cases involving alkali metals as surface modifiers, the C—O bond is usually preserved at
the adsorption temperature ( ~ 100 K), though the weakened C-O bond is evident from the large
red shift of the CO absorption frequency in the infrared spectra [109].

Unlike other alkali metals (Na and K), the lightest alkali metal, Li has been rarely
studied. The behavior of Li interacting with chemisorbed CO may differ from other alkali metals
[124,283]. A strong interaction, leading to complex formation between CO and Li was inferred
from the observation of stoichiometric CO adsorption on multilayers of Li on Ru(001) [124],
which behavior was not observed for multilayer Na or K. In a lower Li coverage regime (~ 0.3
ML), stoichiometric alkali-CO surface complex formation was not observed since no
codesorption of CO and Li was reported on Ru(001) [283]. Instead, the CO desorption
temperature was observed to shift gradually to higher temperatures with increasing Li coverages
[283].

Li is the lightest alkali metal with the smallest atomic diameter among alkali metals. Li

is expected to induce a strong localized electric field in its vicinity when adsorbed on transition
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metals. Therefore, Li may be more effective than any other alkali metals in promoting CO
dissociation.

In this study, we employed a stepped Ru(109) surface to study the promotion effect of Li
on CO dissociation. We have already demonstrated that CO dissociates on this surface by the
observation of intermolecular isotope scrambling amongst CO molecules bound to the step sites
and also by the absence of CO absorbance above 480 K where C + O recombination occurs [41].
Here we show by depositing a very small amount of Li at 85 K on Ru(109) containing a low
coverage of CO, that a significant decrease of the absorbance of CO in the infrared occurs, which
directly indicates the breakage of C-O bond even at temperatures as low as 85 K. Thus, Li is

very reactive in dissociating the C—O chemical bond on Ru.

8.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The experimental conditions are discussed
in detail Chapter 2 as well. The infrared reflection-absorption spectra were collected using 2 cm’

1 .
resolution averaged over 2000 scans.

84  RESULTS

Figure 76 shows two set of infrared spectra for 8- = 0.08, where for the right hand sequence, Li

is deposited after CO adsorption at 85 K. Both sets of spectra show a decrease in integrated
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absorbance in the CO band as the substrate is annealed to higher temperatures. The inset plots
the integrated area of the CO absorption band as a function of annealing temperature.

For CO/Ru(109) with 6cp = 0.08, Figure 76 indicates that a single IR absorption feature
at 1996 cm™ appears with a tail toward lower frequencies upon CO adsorption on Ru(109) at 85
K. As the substrate is annealed to 160 K, the absorption band gradually decreases to about 2/3 of
its original intensity. At the same time, the featureless tail develops into a discrete absorption
band at 1969 cm™. The loss of CO absorbance may indicate CO dissociation on the atomic step
sites since CO desorption is not observed in the low temperature regime. When a small amount
of Li (61; = 0.03) is deposited on the CO/Ru(109) surface at 85 K, as shown in Figure 76, the CO
absorption band suddenly decreases in intensity to less than 1/4 of its original intensity with a
slight shift to 1983 cm™. After subsequent annealing, the CO absorption band further decreases
in intensity without any noticeable shift and disappears completely after annealing above 160 K.
The behavior of the integrated IR absorbance for the two experiments, without and with Li, is

presented in the upper portion of Figure 76.
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Chemisorbed CO Bond Dissociation by Li at 85 K on Ru(109)
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Figure 76: Infrared spectra of 2C'®0 taken at 85 K after adsorption on Ru(109) at 85 K and annealing to
various temperatures. One spectral set was obtained without Li, and the other with Li coadsorption at 85 K.
The inset plots the CO band integrated absorbance as a function of annealing temperature for the two set of

data. The lines are drawn to guide the eye.

After the IR measurements, the TPD spectra of CO (m/e=28) were recorded as shown in
Figure 77, where a comparison of the behavior without and with Li is shown. Two well-resolved
desorption features are reproduced for CO/Ru(109), which are labeled as aco and Sco,
respectively. For the Li-treated CO/Ru(109) surface, it is noted that the aco and fco features
decrease while a new CO desorption feature at higher temperatures develops. We observe that
simultaneous desorption of Li does not occur at the CO desorption temperatures (not shown).

The CO coverages measured for the two surfaces are compared in the upper portion of Figure 77
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by the integrated area of the CO desorption features. The results indicate that no difference in
the CO coverage is observed with and without Li modification. Since all evidence for a C-O
absorption band disappeared by 160 K (see Figure 76), the CO desorption shown for the CO/Ru

+ Li in Figure 77 must be due to C + O recombination.

Thermal Desorption of CO/Ru(109) and Li/CO/Ru(109)
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Figure 77: Thermal desorption spectra of CO taken after the IR measurements shown in Figure 76. The
overall integrated areas of the CO desorption features for the two spectra are compared in the upper inset.

Figure 78 shows the Li-coverage-dependent variation in the integrated intensity of the IR
absorption band when CO is adsorbed on Ru(109) with pre-deposited Li on it. The substrate
temperature was kept to 450 K during the Li deposition to produce ordering of the Li adlayer.

Then, the substrate was subsequently exposed to CO at 85 K up to the same coverage of o =
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0.08 as used in Figure 76 and Figure 77. The resulting decrease in the integrated absorbance as

shown in Figure 78 is non-linear with increasing Li coverage.

Role of Li Coverage on CO Dissociation at 85 K
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Figure 78: The CO peak intensities from the infrared spectra of CO adsorbed at 85 K on Li/Ru(109), plotted
as a function of Li coverage.

8.5  DISCUSSION

The CO absorption band at 1996 cm™ is due to the C-O stretching vibrational mode, which may
shift in frequency depending on the CO coverage [42]. Since the CO coverage measured by

TPD in Figure 77 indicates that there is no displacement of CO by Li deposition, the decrease of
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the CO absorption band upon Li deposition at 85 K, as seen in Figure 76 is then caused by C-O
bond breakage.

The annealing series in Figure 76 indicate two interesting changes in the CO absorption
band on the pure CO layer: (1) the additional decrease up to 160 K in CO absorbance; (2) the
slight shift in v(CO) to lower frequency as coverage decreases.

For CO/Ru(001), it has been reported that annealing induces ordered CO islands, which
produce two resolved IR absorption bands. CO molecules of lower frequency are due to CO
species on the edge of ordered CO islands [91]. In the study reported here, the periodic steps on
Ru(109) may produce CO islands which are even smaller than on Ru(001) producing a higher
fraction of edge-CO molecules. The overall intensity drop during the annealing may be also
related to the ordering process. However, early infrared spectroscopic studies on CO/Ru(001)
indicate that the absorbance of the CO band is closely proportional to the CO coverage up to 0.3
ML, and the variation in intensity due to the ordering of CO is therefore rather small [91]. This
information, taken together suggests that the decrease in CO absorbance of about 30 % upon
annealing is mainly due to the dissociation of C—O bonds induced by the diffusion of CO to Ru
steps on Ru(109).

For Li/CO/Ru(109), the additional intensity drop of the CO band absorbance up to 160 K
in Figure 76 is, then, also explained by the same reasoning. The diffusion of CO (or Li) would
allow CO to find nearby dissociation sites, which can be either Ru steps or some other sites
promoted by Li atoms. The small red shift of the CO band by about 13 cm™ upon Li deposition
may be attributed to the reduced dipole coupling between CO molecules depopulated by CO
dissociation. In addition, small electric field effects due to Li long range interaction with CO

may also be involved.
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In Figure 78, we note that the C—O bond dissociation increases non-linearly with the Li
coverage. This suggests that the interaction between Li and CO is not stoichiometric in the low
coverage regime (6z;~ 0.05; 6co~ 0.08). This argues against the possibility of a direct bonding
interaction between Li and CO to produce a stoichiometric surface complex. This argument is
also supported by our observation of TPD spectra of Li (not shown here) showing no high
temperature shift of the Li desorption feature for Li + CO, indicating that there is no remaining
oxygen to provide additional binding for Li. Thus, the interaction between undissociated CO and
Li is expected to be indirect in nature.

Hoffmann reported the reaction of K + CO to produce K,CO3 on Ru(001) at 300 K under
high CO pressure conditions at high coverages of K [127]. This produced a strong vibrational
mode at 1471 cm™. A systematic inspection of all of our involving lower coverages of CO and
Li interacting in the temperature range of 85 K — 250 K reveals no evidence of the band. We
therefore attribute the disappearance of the v(CO) mode induced by Li coadsorption to C—O
chemical bond dissociation rather than to surface carbonate formation.

The Li-promoted dissociation of CO at 85 K is rather astonishing in that there has been
no previous report indicating alkali-metal induced CO dissociation at such a low temperature.
The effect of Li on CO dissociation is quite dramatic and evident from the depletion of the CO
absorption band, which has not been observed for other alkali metals like K/Ru(001) [109]. The
role of CO dissociation provided by Li atoms at step sites and by Li atoms at terrace sites is

currently under investigation.
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8.6 CONCLUSION

Li-promoted dissociation of CO molecules on Ru(109) has been directly probed by infrared
reflection absorption spectroscopy. Interestingly, the CO dissociation effect due to Li is shown to

occur even at 85 K.
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9.0 ENHANCEMENT OF CATALYTIC PROMOTION ACTION OF Li ON Ru BY

ATOMIC STEPS - COMPARISON OF CO DISSOCIATION ON Ru(109) AND Ru(001)

The information contained in this chapter is based on the following research publication:
Yu Kwon Kim, Gregg A. Morgan, Jr., and John T. Yates, Jr., “Enhancement of Catalytic
Promotion Action of Li on Ru by Atomic Steps — Comparison of CO Dissociation on Ru(109) and

Ru(001)” Chem. Phys. Lett. 431 (2006) 317-320.

9.1 ABSTRACT

The Li-promoted CO dissociation on flat and atomically stepped Ru surfaces has been
investigated by thermal desorption spectroscopy (TDS) and infrared reflection-absorption
spectroscopy (IRAS). Li-induced dissociation of CO is observed to be greatly enhanced on
stepped Ru(109) compared to Ru(001) from the scrambling of isotopic CO molecules as well as
from the intensity reduction of the CO stretching mode. Interestingly, on Ru(001), Li produces a
highly red-shifted CO stretching mode at ~1820 cm™, implying the formation of Li,CO,
complexes. On the other hand, the preferential adsorption of Li by the atomic steps on Ru(109)

impedes the formation of such complexes.
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9.2 INTRODUCTION

Alkali metals are well recognized for their action as catalytic promoters on transition metal
surfaces [263-265]. The dissociation of CO is a catalytic reaction step, which is strongly
influenced by alkali metals added as promoters to transition metal catalysts
[124,127,130,151,275,278,283-287], and this dissociation process is centrally important to
catalytic reactions such as the Fischer-Tropsch reaction involving hydrogen and CO [49].

Among the alkali metals, strong promotional effects are often observed for Li. Some

examples include the dissociation of H,O on Li/Ni(775) [268], and the adsorption of CO on
Li/Ag [288]. The co-desorption temperature of the Li-CO complex on Ru(001) is observed to be
much higher (~ 840 K) than that for other alkali metals [124].

In this work, we compare the activity of Li for CO dissociation on two Ru model
catalytic surfaces of Ru(001) and Ru(109). While Ru(001) exposes the basal hcp(0001) plane,
Ru(109) contains Ru(001) terraces of 9 atom width separated by double height atomic steps, as
shown in Figure 79. The reconstruction of the Ru(109) surface is reported to produce
exclusively double-atom height Ru steps instead of single height steps (see Figure 79), as has
been extensively discussed previously [42]. Direct comparisons between both Ru crystals have
been carried out to determine the role of atomic steps on the action of Li atoms on chemisorbed
CO. A careful review of the literature extending back to 1970 indicates that the cooperative
action of Li promoter atoms and any transition metal containing controlled distributions of
atomic steps has not been reported for the dissociation of chemisorbed CO.

We have previously shown that CO dissociates on the atomic step sites of Ru(109) [41],

and also that Li atoms adsorbed on the Ru(109) drastically enhance the dissociation of the C-O
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chemical bond of coadsorbed CO molecules even at 85 K [270] as observed by infrared
spectroscopy. Further dissociation of CO molecules after annealing up to 160 K is attributed to
the migration of the adsorbates (Li and CO) to the atomic step sites [270].

This work extends the previous infrared studies [270] by means of the investigation of the
efficiency of the 'C'°0 + “C"®0 — "*C"™*0 + "*C'°O reaction in the presence Li of on both
Ru(001) and Ru(109). In addition, the spectroscopic detection of the Li,CO, /Ru surface species

is investigated.

Stepped Ru(109) Ru step

/ Ru terrace
) ¥,
A, "' ’q "‘Q.‘ "

9 Ru atoms

Smooth Ru(001)

Figure 79: Schematic of Ru(001) and Ru(109) surfaces.
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9.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The experimental conditions are discussed
in detail in various sections of Chapter 2. The infrared reflection-absorption spectra were

collected using 2 cm™ resolution averaged over 2000 scans.

9.4  RESULTS

Figure 80 shows a comparison of the CO TPD spectra from both Ru crystals. These results are
very similar to those reported in previous work [41,42,94]. It is noted that for Ru(109), a high
temperature CO state, labeled as fco, is evolved above ~480 K. This state originates from
recombinative CO desorption from the step sites on Ru(109) and is not present on the smooth

Ru(001) surface.
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TPD of CO from Ru(001) and Ru(109)
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Figure 80: CO TPD spectra obtained from CO adsorbed on Ru(109) and Ru(001) up to saturation.
Recombinative desorption of CO from Ru steps is emphasized by the hatched area (labeled as o) [41].

Figure 81 shows a comparison of the desorption of isotopomers of CO in the isotopic
scrambling experiment in which '*C'°0 and "*C'*0O are adsorbed together in a 50:50 ratio. In
agreement with previous work [41,42], in Figure 81la, the isotopic scrambling reaction is
observed for £-CO on Ru(109) above ~480 K, but the a-CO species does not exhibit isotopic
scrambling. For Ru(001), in Figure 81b, little isotopic scrambling is observed, and that which is
seen probably occurs on natural step defects.

When a small amount of Li is added, it is seen that all adsorbed CO (6cp = 0.08)

molecules are isotopically scrambled on Ru(109) at 8;; = 0.05 ML, but on Ru(001), only about
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1/2 of the adsorbed CO is isotopically scrambled even at a higher Li coverage of 0.1 ML. For
both Ru crystals, the isotopically scrambled CO desorption is observed to be shifted upwards
slightly in temperature by Li adsorption.

Li-induced Isotopic Scrambling of Isotopic CO
(12C160 + 13C180) on Ru(109) and Ru(001): 8.0 = 0.08
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Figure 81: a and b show CO TPD spectra obtained from isotopic CO mixtures (*C"0:*C®0 = 50: 50)
adsorbed on the Ru(001) and Ru(109) surfaces. c and d are the TPD results from CO adsorbed on Li-covered
Ru surfaces at low Li coverages. The hatched areas represent scrambled CO molecules. The CO coverage is
fixed at fcp = 0.08, while the Li coverage is varied up to ~0.1 ML.

Figure 82 shows infrared spectra of CO from CO molecules adsorbed on both Ru single
crystal surfaces (fco = 0.08) with coadsorbed Li at 85 K. On clean Ru crystals, the C-O
stretching mode of CO adsorbed on both Ru surfaces appears near 2003 cm™ on Ru(001) and

near 1996 cm™ on Ru(109). When a very small amount of Li is adsorbed (6;; ~ 0.02 ML), a clear
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difference in the observed C-O stretching modes is observed. While only CO species with the
carbonyl stretch mode at ~1986 cm™ are observed on stepped Ru(109), mwo distinct types of
carbonyl stretching modes are observed on the Li-treated Ru(001) surface, near 1990 cm™ and

near 1834 cm™. The CO band at ~1834 cm™ for Ru(001) is redshifted from the original CO

band (2003 cm™) by ~170 cm™.
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Figure 82: Infrared spectra of 2C1%0 taken at 85 K from co-adsorbed CO (6¢o = 0.08) and Li (6,; = 0.02 ML)
on Ru(001) and Ru(109) surfaces. The spectra taken after flashing the (CO+Li)-covered surfaces up to 160 K
are also shown. No CO desorption occurs in these experiments.
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When the Ru substrates are annealed up to 160 K, notable variations in the spectra for the
two crystal surfaces are also observed. On Ru(109), the species at 1986 cm™ loses significant
intensity and shifts somewhat; on Ru(001), the analogous species does not shift appreciably and
gains intensity. Also, the band at 1834 cm™ shifts to 1818 cm™ on Ru(001).

It is likely that the species possessing the large redshift (~1834 cm™) is a Li,CO,

complex, and that the small redshift of the remaining CO species is due to long range effects of

Li atoms on chemisorbed CO, as postulated previously for the K+CO/Ni(111) system [287].

9.5  DISCUSSION

In our previous report [270], extensive dissociation of CO is observed by infrared spectroscopy
when Li and CO are coadsorbed on the stepped Ru(109) even at 85 K. As the substrate
temperature is raised up to 160 K, further CO dissociation is observed.

The results of Figure 81 confirm the C-O bond dissociation of CO molecules in a
different way. We define the desorption of isotopically scrambled CO as occurring when a
statistically random mixture of CO isotopomers is evolved. In Figure 81, these regions are
shown as hatched regions. The non-hatched regions do not involve recombination of C+O
species. By probing scrambled isotopic CO molecules, the enhancement induced by Li atoms is
compared between the two Ru crystals. It is seen that the fraction of isotopically scrambled CO
is enhanced at very low Li coverages on both Ru crystals. For the same amount of CO
molecules (0co = 0.08), complete scrambling of CO is achieved at 6;; = 0.05 ML on Ru(109),

while partial scrambling of CO is observed on Ru(001) at an even higher Li coverage of 0.1 ML.

205



The enhancement of Li-induced CO dissociation on Ru(109) compared to Ru(001),

observed in Figure 81, is the result of the combination of Li and atomic step sites in causing the

CO dissociation-recombination process. The same effect may also be seen on Ru(001) where the

small natural defect density is postulated to enhance the effect of added Li on CO dissociation

(see Figure 81b and d).

The IRAS results shown in Figure 82 also indicate the enhanced CO dissociation by Li
on the stepped Ru surface at 160 K. For the high frequency species, a reduction in absorbance at
160 K is caused by dissociation on the atomic steps, promoted by Li. This effect is not observed
on Ru(001).

The presence of the large redshift (1834 cm™) on Ru(001) (see Figure 82) indicates a
rather short-range(direct bonding) interaction between Li and CO with its C-O bond preserved.
At very low Li coverages of only ~0.02 ML, it may be seen that a species possessing a low
frequency carbonyl stretching mode near 1834 cm™ is produced on Ru(001), while it is not
observed on Ru(109) [270]. A species with this low carbonyl stretching frequency must be due
to a chemical complex between Li and CO (Li,CO,) as reported by others for Li [124,286] and
other alkali metals [127,284,287].

The conversion of the multiple CO band to a single band at ~1818 cm™ upon annealing
up to 160 K may be due to a change in structure, or bonding ratio in the Li,CO, complex, as
indicated by early report [124].

We observe that the Li,CO, complex can form only on Ru(001) in the absence of steps; it
cannot form on the stepped Ru surface. We postulate that the reason for this difference is the
preferential adsorption of Li on Ru steps at 85 K, which prevents the formation of the Li,CO,

complex on the terrace sites of Ru(109) under the low coverage conditions probed here.
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9.6 CONCLUSIONS

The Li-promotional effect on the CO dissociation is explored on two Ru crystal surfaces. The

results show that ;

(1) The enhanced promotional effect of Li on stepped Ru(109) for CO dissociation is due
to the cooperative role of atomic steps and Li atoms.

(2) Atomic steps prevent the formation of Li,CO, surface complexes by preferentially

adsorbing Li atoms.
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10.0 INTERACTION BETWEEN CHEMISORBED N; AND Li PROMOTER ATOMS:
A COMPARISON BETWEEN THE STEPPED Ru(109) AND THE ATOMICALLY-

SMOOTH Ru(001) SURFACES

The information contained in this chapter is based on the following research publication:
Gregg A. Morgan, Jr., Yu Kwon Kim, and John T. Yates, Jr., “Interaction between
Chemisorbed N, and Li Promoter Atoms: A comparison between the Stepped Ru(109) and

Atomically Smooth Ru(001) Surfaces.” Surf. Sci. (2007), accepted for publication.

10.1 ABSTRACT

We present a direct side-by-side comparison of the interaction of Li atoms and N, molecules on
the atomically stepped Ru(109) single crystal surface and on the atomically smooth Ru(001)
single crystal surface using infrared reflection absorption spectroscopy (IRAS) and temperature
programmed desorption (TPD). At low adsorbate coverages there is spectroscopic evidence for
the formation of a Liy(N»), complex on the Ru(109) surface, whereas no such complex is
observed on the Ru(001) surface. This complex is due to local interactions between an adsorbed
Li atom and N, adsorbed on the atomic steps of Ru(109). The short-range interaction near the

atomic steps is characterized by the development of several highly red-shifted v(N;) modes in
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the region of ~2130 cm™ in the IR spectra. Adsorbed N, molecules on both Ru(109) and
Ru(001) also are influenced by the long range electrostatic field produced by Li adsorbate atoms,
causing a red shift in the uncomplexed N, species, which monotonically increases as the Li
coverage in increased. On the Ru(001) surface, small coverages of N, influenced by the long
range effect of Li are initially chemisorbed parallel to the surface resulting in the absence of

infrared activity. In addition we have also found that Li does not cause N-N bond scission on

Ru(001) below 250 K.

10.2 INTRODUCTION

The role of alkali promoters in heterogeneous catalysis is widespread, and surface science studies
have helped to understand the electronic origin of the alkali promoter action [120,121].
Promoters such as alkali metals are known to produce positive outward electric fields in their
vicinity, and in the case of adsorbed CO, these electric fields weaken the C-O bond, causing a
decrease in the vibrational frequency, dissociation, and even surface complex formation
[109,124,126,127]. Thus the coadsorption of K with CO induces a reduction in C-O bond
strength as well as a large reduction of v(CO) [127,284,287]. These exceptionally large redshifts
are characteristic of short-range interactions present in local K (CO), complexes, or even
potassium carbonate [127].

In addition to species with large redshifts in the coadsorption of CO with alkali metals, it
is also observed that the v(CO) mode is more slightly shifted to lower frequency upon interaction
with alkali metals, where the shift is monotonic with increasing alkali coverage. This

phenomenon is thought to be due to long range interactions which involve the electric field
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resulting from the global coverage of the alkali [287], and which are observed for CO species
that have not undergone a larger perturbation due to local complex formation.

The small size of the Li atom and its large surface dipole moment when adsorbed on Ru
surfaces [156] suggests that it will be a good model alkali promoter atom for these studies. It has
been reported, for example, that Li promotes H,O dissociation on Ni(775) at low temperatures
[268] as well as the dissociation of CO on Ru(109) at 85 K [270].

In this paper, we explore the interactions of Li atoms with chemisorbed N, on two
surfaces- the atomically-smooth Ru(001) surface and the atomically-stepped Ru(109) surface
containing double height atomic steps [42]. We ask what is the role of atomic steps on the
alkali- N, interactions, observing both long and short range N,-Li interactions. Fragmentary
information exists concerning this question. It has been found that K promotes the dissociation
of CO on Cu, but only in the presence of atomic step sites [280,289]. In another example, the
dissociation of CO on Ru containing adsorbed Li atoms is enhanced when the atomically-stepped
Ru(109) surface is compared with Ru(001) [290].

The Ru-N; chemisorption bond is weak compared to the Ru-CO bond. It is found that
the Ru-N; bond is formed by donation of c-electrons from the N, to Ru [33,119] which is exactly
opposite to the bonding motif for CO, where back donation from the metal into the 2n* orbital
dominates.

Because of the high frequency sensitivity, infrared reflection absorption spectroscopy
(IRAS) is employed in these studies, along with careful control of both the Li and N, coverage.
In addition, temperature programmed desorption (TPD) is used to measure the coverage of both
N, and Li. The same apparatus is employed for studies of both the Ru(001) surface and the

Ru(109) surface facilitating accurate cross comparisons between the two crystals.
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10.3 EXPERIMENTAL

All of the experiments reported here were performed in a stainless steel ultrahigh vacuum (UHV)
chamber which was discussed in detail in Chapter 2. The experimental conditions are also
discussed in detail in Chapter 2. The infrared reflection-absorption spectra were collected using

2 cm™ resolution averaged over 2000 scans.

10.4 EXPERIMENTAL RESULTS

10.4.1 Li Addition to Preadsorbed N,/Ru(001) and N»/Ru(109)

10.4.1.1 Ru(001)
Figure 83a shows the spectral developments when Li atoms are deposited on Ru(001)

containing 9N2 = (.14 at 85 K. The value of v(N,) monotonically decreases from 2208 cm’ as

the coverage of Li is increased, indicative of a long-range interaction between N, molecules and
the global Li coverage. In addition, the FWHM of the N, vibrational band broadens to ~ 22 cm™
as its integrated intensity decreases and as the frequency of the band center decreases to ~2132
cm™.

10.4.1.2  Ru(109)

Figure 83b shows the spectral developments for Li deposition on Ru(109) containing 6N2

=0.17 at 85 K. Initially there is a single vibrational band at 2199 cm™, corresponding to zero

coverage of Li. For even the smallest Li coverage, 01 = 0.022, two separate effects are observed
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when Li is deposited: (1) the slight shift of the original v(N;) mode to lower frequency; and (2)
the production of three more strongly red-shifted v(N,) bands which are shown cross hatched in
Figure 83b. This is evidence for two types of Li-N; interactions. One kind of interaction causes
a relatively small frequency shift of uncomplexed N, molecules related to the global coverage
(and the electric field) caused by the adsorbed Li. A second type of interaction causes the
development of strongly perturbed N, molecules in Liy(N,), complexes which exhibit larger
negative frequency shifts. The Liy(N,), complex is not necessarily a stoichiometric complex, but
instead is likely due to a short-range interaction between adsorbed Li atoms and adsorbed N,
molecules. As the coverage of deposited Li is increased, the integrated absorbance of the
uncomplexed N species gradually decreases as the complexed N, species develop. Furthermore,
for increasing Li coverages, a monotonic decrease in v(N3) for the uncomplexed N, species is
seen, and the suggestion of a similar gradual small frequency shift is also seen for the v(N,)
modes associated with the Liy(N»), species. In the limit, all uncomplexed N, species have been
converted to complexed species, resulting in a broad v(N,) absorption band (FWHM = 29 cm™)

centered at 2112 cm™.
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Infrared Spectra of Li + N,/Ru
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Figure 83: IR spectra following Li deposition on N, precovered Ru surfaces: (a) Ru(001) and (b) Ru(109).
All spectra were recorded at 85 K and were averaged over 2000 scans with a resolution of 2 cm™.

It is of interest to compare on both surfaces the shift of v(N;) for the uncomplexed
species, using this shift as a measure of the electric field caused by the global distribution of Li
atoms. This is shown in Figure 84. The global effect of Li on reducing the frequency of
uncomplexed N, species present on the stepped Ru(109) crystal is only ~ 1/3 of that observed for
the atomically-smooth Ru(001) crystal. This indicates that significant electrostatic screening
effects of the Li dipole are present on Ru(109) as measured by the frequency shift of

uncomplexed chemisorbed N, molecules.
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Av vs. Li Coverage - Uncomplexed v(N,)
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Figure 84: Av(N;) vs 0; for Ru(109) and Ru(001). 1 ML on the Ru(109) surface corresponds to 0;; = 0.86 and
1 ML on the Ru(001) surface corresponds to 6;; = 0.76 based on Li TPD measurements.

10.4.2 Effect of Added Li to Step-bound N, on Ru(109)

By adjusting the temperature of N, adsorption on Ru(109) to 170 K, it is possible to populate
only the step sites with chemisorbed N, [43,44]. This has permitted an experiment in which the
effect of added Li can be measured for only the step-bound N,. Figure 85 shows this

experiment, where the starting coverage, 6N2, is 0.05. Initially, v(N,) = 2199 cm™, and at 0; =

0.018 the beginning of the formation of short-range Liy(N,), complexes is first observed as
shown by the cross-hatched spectral features. As the Li coverage is increased, uncomplexed

step-bound N species slowly disappear as complexed species form. This result, considered with
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the data in Figure 83a and Figure 83b, suggest that the presence of atomic steps provides sites
capable of forming Liy(N»), species and that N, molecules adsorbed at atomic step sites are

preferentially involved in the formation of the complex.

Infrared Absorption Spectra for Step-N,

with Increasing Li Coverage
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Figure 85: IR spectra (recorded at 85 K) of '*N, adsorbed on the step sites of Ru(109) at 170 K. Li was
subsequently deposited on N,/Ru(109) at 85 K.

10.4.3 Addition of N; to Li-precovered Ru(001) and Ru(109)

The interaction of chemisorbed N, with preadsorbed Li was investigated to determine whether

new effects are present when the order of addition of the adsorbed species was reversed. Figure
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86a shows experiments at 85 K, where Ru(001) was dosed with Li to a coverage of 0;; = 0.08.

The initial N, coverage (GN2 = 0.021) produces a mode at ~ 2194 cm™. This frequency is below

the singleton mode observed for N, adsorption on clean Ru(001) [33], exhibiting a shift of -19
cm” from the singleton frequency on clean Ru(001), due to the long range interaction between
Na(a) and Li(a). As the coverage of N, is increased, an additional red shift of - 8 cm™ occurs.
This additional shift is likely due to the packing of N, species within the ordered Li layer [156],
causing the average N,-Li interaction distance to decrease.

When the same experiment is performed on Ru(109), an entirely different spectral pattern
emerges, as shown in Figure 86b. Here, at the lowest coverages of Ny, only strongly red shifted
v(N2) modes are observed on the Li-precovered surface, as shown by the cross-hatched features.
As the N, coverage is increased, the modes assigned to Lix(N,), increase in integrated
absorbance, and a small red shift with increasing N, coverage is observed. In addition, a mode at
higher frequency begins to form, and to shift slightly downward in frequency with increasing

6N2, reaching 2189 cm™ at the highest N, coverage achieved. This feature on Ru(109) is

assigned as uncomplexed chemisorbed N,, red shifted slightly by long range interaction with
Li(a).

Comparison of Figure 86 with experiments done with the opposite order of addition of
adsorbates, Figure 83, shows that the same general behavior occurs irrespective of the order of

addition of adsorbates to both Ru(001) and Ru(109).
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Infrared Spectra of N, + Li/Ru
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Figure 86: IR spectra of N, adsorption on Li-precovered Ru surfaces: (a) Ru(001) and (b) Ru(109).

10.4.4 Evidence of an Invisible N, Species on Li/Ru(001)

Using Ru(001) containing preadsorbed Li at 0;; = 0.18 we discovered that the long range
interaction between Ny(a) and Li(a) initially produces a surface species with very low or zero
absorbance. Figure 87 shows a comparison of the spectral developments for N, adsorption on
clean Ru(001) and N, adsorption on Li/Ru(001). Note the factor of 10 difference exists in the

absorbance scales. In all cases on Li/Ru(001) the frequency of the adsorbed N, species is less
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than the frequency on clean Ru(001), indicative of the long range electrostatic interaction

between N»(a) and Li(a).

IR Spectra of “N,/Ru(001) and™N,/Li-Ru(001)
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Figure 87: IR spectra of N, deposited at 85 K on (a) clean Ru(001) and (b) Li-precovered Ru(001) surfaces.

In addition however, the integrated v(N;) absorbance observed in Figure 87b for low
coverages of N is zero or near zero, and over the entire N, coverage range examined, the
integrated absorbance of the v(N,) feature is smaller on Li/Ru(001) than on clean Ru(001). This
comparison is shown in Figure 88, where initially the v(N,) feature exhibits zero integrated

absorbance at the sensitivity level of these measurements up to 9N2 = 0.065. We interpret this as

being due to the formation of highly inclined N, species on Ru(001), where the tilting effect is
caused by the electrostatic field produced by long range effects of Li. Such inclined Ny(a)
species would not be expected to exhibit a stretching mode in IRAS because of the cancellation
of the dynamic dipole with its image in the metal. The negative frequency shift for the long
range interactional effect on Ru(001) is significantly greater than that observed on Ru(109),

where immediate Liy(N»), formation is observed.
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Integrated Absorbance vs. N, Coverage - Ru(001)
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Figure 88: Integrated absorbance vs. eNz for N, adsorption on clean and Li-precovered Ru(001) surfaces.

The line is drawn in both cases to guide the eye.

10.4.5 Lack of N, Dissociation on Li/Ru(001)

It is well known that atomic step sites promote N, dissociation at elevated temperatures
[34,35,43,44], whereas the Ru(001) surface is inactive for dissociation. Therefore, Ru(001)
provides an ideal surface to test the role of Li promoter atoms on the catalyzed dissociation of
chemisorbed N,. Figure 89 shows a comparison of the temperature programmed desorption
behavior of an equimolar mixture of "N, and °N,, searching for the production of “N'°N as a
result of N, dissociation. On clean Ru the low temperature states are observed to desorb without
the formation of “*N'°N. The tiny amount of desorbing mass 29 species is due to the isotopic
impurity level of the adsorbed N, which contained 2% "*N'°N. Note that no N, species are

219



evolved at high temperatures for clean Ru(001) in Figure 89a. In Figure 89b there is also no
evidence of any isotopic mixing during the desorption of nitrogen as detected by the lack of
formation of "*N'N in the low temperature desorption states. The high temperature state in the
region of 700 K is due to the desorption of small amounts of contaminant CO species originating

from the Li evaporator.

TPD Spectra of 50:50 "“N, and "*N, Mixture on Ru(001)
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Figure 89:

10.5 DISCUSSION

The results observed here for the Li-N, interaction on Ru single crystal surfaces bears a
remarkable resemblance to the general observations made for K-CO interactions on Ni(111)
[287,291]. In both systems, evidence for the formation of a mixture of local chemical complexes
with the alkali, mixed with adsorbate species influenced only by long range electrostatic

interactions with the alkali, have been found. These two modes of interaction are particularly
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prominent spectroscopically at lower alkali metal coverages, where separate vibrational modes

associated with each type of interaction are seen in the individual spectra.

10.5.1 Formation of Liy(N2)y Surface Complexes Exclusively on Ru(109) at Low Surface
Coverages

Based on the IR spectral behavior, clear evidence for local complex formation is observed almost
immediately upon adding small coverages of Li to No/Ru(109) (Figure 83b) or by adding N to
Li/Ru(109) (Figure 86b). In both cases a discrete set of low frequency v(N;) bands develops as
the high frequency, non-complexed N, species is consumed (the non-complexed species is not
formed initially in the latter case). The formation of the complex is unique for the stepped
Ru(109) surface. It is well known that both N, and Li are mobile species at the adsorption
temperature of 85 K [156], and also that both N, and Li preferentially bind to atomic step sites
due to the higher binding energy of these sites for these adsorbates [44,156]. Thus, the step sites
are able to bring the mobile N, and Li atoms together to form the localized Li,(N3), species in an
energetically stabilized complex on or near the atomic steps. The strong interaction of the two
adsorbed species is probably due to short-range interactions rather than the formation of an
actual stoichiometric complex. Species of this type do not form at low coverages of N, and Li
on the atomically-smooth Ru(001) surface. It is very unlikely that comparable Li(Na)y,
complexes exist in the absence of the appropriate Ru surface site, and indeed no examples of

chemical compounds involving Li and N, are reported in the literature [292].
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10.5.2 Contrary Behavior for Li,(CO)y Formation on Ru Single Crystal Surfaces

In studies very similar to this, we have observed Liy(CO), formation only on the atomically
smooth Ru(001) surface, using IRAS [290]. Careful comparisons to the behavior on Ru(109)
were carried out finding no evidence for the complex on the stepped single crystal surface. It
was postulated that in the case of low coverages of CO and Li on the stepped surface, the strong
preference for CO adsorption on the step sites prevented Liy(CO), formation on the surface, an
argument just opposite to that proposed here for the Li-N, system. It is likely that the weaker
affinity of the Ru step sites for N, is responsible for this contrary behavior compared to CO. On
Ru(001), the Li,(CO), complex formation is postulated to occur in the ordered arrays of Li atoms

present on the surface [290].

10.5.3 Behavior of Li + N, at High Li Coverages

At high coverages of Li, the frequency of the broadened v(N,) mode observed on Ru(001) and
on Ru(109) approaches a similar value in the range of ~2110 to ~2130 cm™ (Figure 83a and
Figure 83b). At these high Li coverages, the role of the atomic steps in controlling complex
formation becomes less evident, and it is likely that a complicated mixture of Ny(a) and Li(a)

species, influenced both locally and by long range electrostatic effects, is formed.

10.5.4 Long Range Li-N; Interactions on Ru Surfaces

The role of long range Li-N, interactions is particularly evident at low Li coverages for Ru(001)

because of the absence of short-range Lix(N»), complexes on this surface. Thus, in Figure 83b,
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the two modes of interaction result in v(N,) vibrational bands that are observed at well separated
v(Ny) frequencies, and are evident at low Or;. The dipole moment of Li at zero coverage on
Ru(001) is 10 D [156]. We may compare this to K(a) on Ni(111), which exhibits a zero
coverage dipole moment of 7.4 D [287]. Both surfaces are atomically flat. On Ni(111), using
CO as the detector of the influence of K, it was found, as with Li/N,/Ru(001), that smooth shifts
of v(CO) were seen as Ox was increased [287], and a lattice sum model for the effect of the
global electric field on the CO frequency was developed. We believe that the long-range Li-N;
interactions observed here are also due to a buildup of the local electric field around
uncomplexed N, species. Hence the uncomplexed N, species sample an electric field caused by
the global coverage of surrounding Li atoms, and the negative frequency shift of v(N,) is due to
the Stark effect [287]. The range of the interaction extends beyond 10 A for the Li dipole based

upon estimates made for K/CO/Ni(111) [287].

10.5.5 Production of Tilted N, Species due to Long Range Li-N; Interactions on Ru(001)

Figure 87 and Figure 88 show that on Ru(001) covered with low coverages of Li, there is a
strong diminution of infrared intensity at all N, coverages, compared to comparable surface
conditions on Ru(001) containing no Li. When N is initially adsorbed on Li/Ru(001), no IR

intensity is visible until eNz = 0.065. This observation suggests that initially the long range

electrostatic interaction causes the N, molecules to tilt parallel to the surface, causing the N,
dynamic dipole to be cancelled by image effects in the substrate. Since the dipole moment of Li
at zero coverage is 10 D on Ru(001), compared to 6.0 D on Ru(109) (producing less electrostatic

field) [156], the observation of the tilting effect on Ru(001) may be explained by this difference
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in Li dipole moment. Also, the redshift in v(N,) on Ru(109) [ -130 cm'/ML Li] is only about
1/3 of that found on Ru(001), indicating that long range electrostatic effects are smaller on the
stepped Ru surface.

In addition to the higher global electrostatic field caused by Li on Ru(001) compared to
Li on Ru(109), the presence of highly tilted N, species would be expected to contribute to
additional red-shifting of v(N;) due to more favorable interactions of the N, dynamic dipole with
its image in the metal substrate. Thus, the ~ 3-fold difference in the red shift seen in Figure 84 is

due to a combination of physical effects on adsorbed N, molecules.

10.5.6 Absence of N-N Bond Scission on Li/Ru

Figure 89 shows that isotopic mixing does not occur in the low temperature desorption states on
Ru(001) when N, is adsorbed in the presence of adsorbed Li. The lack of evidence for isotopic
mixing between adsorbed isotopomer N, molecules suggests that Li is a poor promoter for the
dissociation of N, on Ru at T < 250 K. The interaction of K and N, on Fe(111) indicates the
development of a precursor to the dissociation of N, at low temperatures [293]. In addition, DFT
calculations have indicated that the barrier for N, dissociation will be lower in the presence of

larger alkali metals compared to Li [120].
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10.6 CONCLUSIONS

The coadsorption of N, and Li on both Ru(001) and the atomically-stepped Ru(109) surface has
been studied using infrared reflection absorption spectroscopy and temperature programmed
desorption. The following was discovered:

(1) Evidence for the formation of a Liy(N,)y complex is found at low adsorbate
coverages on the Ru(109) surface. This complex is not observed on Ru(001). It is likely that the
complex is non-stoichiometric.

(2) The Liy(Ny)y complex is characterized by several v(N,) modes in the 2130 cm’
region. It is postulated that mobile Li and N, molecules preferentially adsorb, even at 85 K, in
the vicinity of the atomic steps on Ru(109), where the additional stabilization of these species on
step sites leads to the complex formation.

(3) In addition to short range Li-N, interactions in the complex on Ru(109), it is found
on both Ru(001) and Ru(109) that long range electrostatic effects exist between Li(a) and Ny(a)
molecules not involved in complex formation. These interactions produce smaller red shifts in
Vv(Ny), causing the frequency to monotonically decrease as O1; increases. Because of Li surface
dipole screening effects for Li atoms at atomic steps on Ru(109) and for another reason
mentioned in point (4) below, the long range red shift is about 1/3 of that observed for Ru(001).

(4) On Ru(001), where at low coverages only the long range electrostatic interaction
effect exists, small coverages of N, can be chemisorbed without the production of a visible IR
band. This suggests that at low coverages of Li and N, the N, molecules are tilted parallel to the
surface, resulting in cancellation of the N, dynamic dipole as a result of image effects in the
substrate. At higher N, coverages, IR intensity appears as N, species with smaller tilt angles

develop, but the infrared intensity is always less than on Li/Ru(001) for equivalent coverages.
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Tilting of N, species on Li/Ru(001) would be expected to also contribute to the larger red shift
observed on Ru(001) compared to Ru(109) at comparable Li coverages as a result of image
effects in the substrate.

(5) No evidence for N-N bond scission is observed on Li/Ru(001) below 250 K

indicating that N, dissociation is not promoted by Li at these low temperatures.
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APPENDIX A

ABSOLUTE CALIBRATION OF THE MICROCAPILLARY ARRAY BEAM DOSER

A microcapillary array molecular beam doser as shown in Figure 90 was employed in these
studies for the accurate delivery of gas phase adsorbates to the surface of the crystal. The main
advantage of using a molecular beam doser as compared to system dosing accomplished by
backfilling the chamber through a leak valve is the minimization of the background pressure rise.

The molecular beam doser must be absolutely calibrated for accurate and reproducible delivery

of adsorbates.
Cajon VCR Cajon VCAH Helfare Microcapillary
Female Nut Male Nut Butt-Weld Array, Rs
Cajon Target, At
VCA Gland
SV, /—‘-‘Z
: ]
7, L

Finhote Shim Stock Aser |‘7 d —-i

Aperture Baffle Body

Figure 90: Design of a microcapillary array beam doser for accurate gas exposures to a single crystal surface.
From Ref [134].

The main components of the doser are the pinhole aperture and the microcapillary array.

The pinhole aperture used the experiments presented here was on the order of 5 um diameter.
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Upon passing through the aperture the gas molecules strike a shim stock baffle where the
direction of the molecules becomes randomized. The gas then passes through the microcapillary
array, resulting in a collimated flux of molecules. The microcapillary array consists of individual
capillaries that are 10 pm in diameter and 1000 pum in length. The capillaries are then fused
together to form a hexagonal array [134].

The absolute calibration of the molecular beam doser was accomplished using a
somewhat modified version of the King and Wells method [294,295] for determining the sticking
coefficient using a molecular beam of known flux that was similar to the method described by
Kurtz et al. [296]. The intercepted fraction of the beam by the crystal was found to be ~28 % for
Ru(109) and ~42 % for Ru(001) for our crystal-doser geometry, determined experimentally by
the adsorption of low vapor pressure compounds such as HCHO, CH3;CHO, and (CHj3),CO,
which have an initial sticking coefficient very close to unity on Ru at 85 K forming condensed
multilayers as the coverage is increased. CO was used to calibrate the doser conductance and the
QMS (UTI 100C) was used to monitor the partial pressure of CO (mass 28) throughout the

calibration and a typical uptake curve of CO can be seen in Figure 91.
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Figure 91: Uptake curve for CO adsorption on Ru(109) at 88 K.

After a steady baseline is achieved for mass 28, the CO is then admitted to the chamber
causing the pressure to immediately rise from the baseline position, Py, to a higher pressure, P.
Within a minute or so the rate of incoming gas becomes almost balanced with the pumping speed
of the chamber reaching a steady state equilibrium, P,,. After reaching the equilibrium pressure,
the crystal is rapidly translated into the molecular beam, causing the front side of the crystal to
adsorb the gas, and hence the CO pressure to drop. The magnitude of the CO pressure drop is
attributed to the fraction of gas adsorbed from the beam, which is determined from the sticking
coefficient, S, as well as the fraction of the beam, f, intercepted by the crystal (f = 0.28 for

Ru(109) and /= 0.42 for Ru(001) in our case). The sticking coefficient can be calculated as

follows:
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(A.1)

where P(?) is the pressure at time ¢/ . As all of the available surface ruthenium sites become
saturated, the sticking coefficient gradually drops to zero, the adsorption process stops, and the
CO pressure curve merges with the steady level, P.,. The P, is not exactly constant but instead
gradually rises as the pumping speed of the chamber walls decreases during the exposure of CO
to the chamber. It was necessary to simulate the behavior of P.y(t) as shown by the dashed line
in Figure 91 in order to ensure an accurate analysis of the uptake curves. This simulation was
achieved by fitting the region prior to adsorption and the region after the completion of the
adsorption with a single curve.

The exposure, €peam(t), from the CO molecular beam was calculated as
8beam(t) = C'Pghl'(t‘tin) (A2)

where #, 1s the time that the crystal was inserted into the beam, Pgy 1s the pressure in the gas line
behind the pinhole doser, and C is the conductance of the doser which is known from absolute
calibration. In addition to the direct exposure from the doser, there is a minimal amount of
background exposure (typically 2-3%) as compared to the direct exposure which was calculated

as follows

P
L)l/z(t - Zadmit) (A.3)

oig (1) = (2mkT)

where f,4mit 1S the actual time of gas admittance to the chamber.
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The overall exposure is the combination of the direct exposure and the background
exposure. The absolute coverage obtained from direct exposure, o(¢€), is calculated according to

the formula

o(e) = j:S(g)dg (A.4)

where S(¢g) is the sticking coefficient as a function of exposure, which changes as the adsorbate
coverage increases. The background coverage was calculated using equation A.4 and
incorporating equation A.3 for the background exposure, assuming a constant sticking
coefficient. The direct exposure and background exposure were calculated independently of
each other and then were added together to yield the total exposure vs. coverage plot below.

The resulting coverage vs. exposure data is presented in Figure 92 for Ru(109) and

Figure 93 for Ru(001).
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Figure 92: Coverage vs. exposure for CO adsorption on Ru(109) at 88 K. A saturation coverage corresponds
to roughly 7.47 x 10" cm™ (B¢o = 0.54 relative to the available Ru surface atoms). The saturation coverage is
achieved by an exposure of at least 1.7 x 10" cm™.
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Figure 93: Coverage vs. exposure for CO adsorption on Ru(001) at 88 K. A saturation coverage corresponds
to roughly 8.64 x 10" cm™ (B¢o = 0.55 relative to the available Ru surface atoms). The saturation coverage is
achieved by an exposure of at least 2.5 x 10'5 cm™.
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A series of thermal desorption spectra were recorded at increasing coverage using the
previously determined exposures as the starting point with a LEED image being taken following
each exposure prior to each desorption spectrum. At a coverage of 6co = 0.33 the V3 x V3 R30°
structure of CO on Ru is at its maximum intensity. The area of the corresponding TPD trace
with the maximum intensity of the V3 x V3 R30° structure of CO was used as a reference point
by equating this coverage to 1/3 of the available surface atoms. In conjunction with the area of
the TPD traces the saturation coverage was determined to be 6co = 0.54 and O¢o = 0.55 (relative
to the available ruthenium surface atoms) for Ru(109) and Ru(001), respectively. This
information was then used to back calculate the actual conductance of the doser which was found
to be 1.18 x 10" Torr" s,

The conductance of the pinhole doser is usually determined directly by measuring the
pressure drop of N, (or some other inert gas) behind the doser during effusion through the
pinhole using a 0-10 Torr Baratron capacitance manometer. The data can then be plotted
logarithmically against time, t, (as seen in Figure 94) to provide a linear curve in which the slope
is related to the conductance of the pinhole by:

dn L[d(lnP/Po)} (AS)

Pdt kT|  di
where V is the volume behind the pinhole, T is the temperature in Kelvin, n is the number

of molecules, and P is the backing pressure. The measured conductance of the pinhole aperture

was found to be 1.14 x 10" Torr™! s,
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Figure 94: Calibration of the pinhole aperture using "N,.

From the TPD experiments of CO/Ru(109) and the various LEED images the maximum
coverage of CO was determined to be 7.47 x 10"em™ for Ru(109) (6co = 0.54 relative to the
available Ru surface atoms). We have also determined the maximum CO coverage to be 8.64 x
10" ¢m™ for Ru(001) (Bco = 0.55 relative to the available Ru surface atoms). When the
measured conductance of the doser was used in the coverage calculation from Equation A.4 the
coverage was found to be approximately 5.1 monolayers. It was therefore necessary to adjust the
conductance of the doser to yield the correct saturation coverage. This analysis permits an
indirect calculation of the doser conductance for CO. The calculated doser conductance for CO
was then used in the determination of the correlation between exposure, sticking coefficient, and
coverage for N, adsorption as determined from the N, uptake curve. The uptake cureve for N,

adsorption on Ru(001) is shown in Figure 95. The uptake for N, adsorption on Ru(109) is
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similar to that observed for Ru(001). These measurements indicate that an exposure of ~2.5 x
10" ¢cm™ produces a saturation coverage of N, on both Ru surfaces when adsorbed at 75 K, and
gives an absolute calibration of the N, coverage as measured in the TPD spectra. The correlation

between the coverage and the exposure is plotted in Figure 96.
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Figure 95: Uptake curve for N, adsorption on Ru(001) at 85 K.
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Figure 96: Coverage vs. exposure for N, adsorption on Ru(001) and Ru(109) at 85 K. A saturation coverage

corresponds to roughly 6.12 x 10" ¢cm™ for Ru(001) and 5.07 x 10" cm™ for Ru(109) (Bx,=0.39 and By =

0.37, respectively, relative to the available Ru surface atoms). The saturation coverage is achieved by an
exposure of at least 2.5 x 10" em” for Ru(001) and 1.5 x 10" cm™ for Ru(109).

The difference between the actual measured conductance and the experimentally back
calculated conductance of the pinhole does not constitute a major experimental problem. This
major difference is most likely attributed to an internal leak in the volume of the gas line where
the gas was stored during effusion through the pinhole doser. The gas, when stored in the
backing volume of the pinhole doser, effuses into an adjacent section of the gas line. During a
typical conductance measurement, the gas therefore not only effuses through the pinhole as
expected, but also through one of the valves to an adjacent section of the gas line. This would
lead to the observed imaginary increase in the measured conductance of the pinhole doser.
During a typical dosing experiment, the exposure time is approximately 75-240 seconds, whereas
the conductance measurements are performed over a period of 10° seconds. During a typical
exposure of gas to the crystal, there is essentially no change in the overall pressure of the gas
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stored in the line. This means that the internal leak is not a factor when determining the

exposure of gas to the surface of the crystal.
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